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Abstract. Heavy Neutral Leptons (HNLs) are strongly motivated by theory due to their
capability of simultaneously explaining the observed phenomena of dark matter, neutrino
oscillations and the baryon asymmetry of the Universe. The existence of such particles would
affect the expansion history of the Universe and the synthesis of primordial abundances of light
elements. In this work we review, revise and extend the phenomenology of HNLs during the
Big Bang Nucleosynthesis (BBN) epoch for masses up to 1 GeV. This is of great importance,
as BBN is able to provide complementary bounds to those from upcoming and proposed
laboratory experiments. To this end we have developed a high-precision Boltzmann code
that simulates BBN in the presence of HNLs and takes into account all relevant HNL decay
channels, as well as subsequent interactions of decay products (thermalization and decay
showers), dilution due to QCD phase transition, active neutrino oscillations and corrections to
the weak reaction rates. We present robust bounds on the lifetime and mixing angles of HNLs
for masses 3 MeV ≤ mN ≤ 1 GeV and show that BBN is able to constrain HNL lifetimes
down to 0.03− 0.05 s, depending on the mixing pattern. Moreover, combining our results with
current experimental searches, we can exclude HNLs that mix purely with electron neutrinos
up to ∼450 MeV and those that mix purely with muon neutrinos up to ∼360 MeV, in both
cases for lifetimes up to at least a few tens of seconds. Finally, we compare the BBN constraints
with those obtained from Cosmic Microwave Background observations and explore how our
results will be improved by a number of upcoming and proposed laboratory experiments.
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1 Introduction
There is no doubt today that the Standard Model (SM) is deficient in explaining a number
of observed phenomena in particle physics, cosmology and astrophysics. Examples of these
phenomena are neutrino oscillations, dark matter and the baryon asymmetry of the Universe.
Major efforts are being made from both a theoretical and an experimental perspective to
address these issues. From a theoretical point of view, new particles beyond the SM (BSM)
are proposed to accommodate for one or more of these issues. In particular, the existence of
neutrino oscillations requires the addition of new states to the SM (see e.g. [1] for a review).
Similarly, no particle in the SM can comprise all observed dark matter.
Among the suggested BSM candidates that have gained increasing interest in recent years, are
Heavy Neutral Leptons (HNLs, also known as sterile neutrinos). HNLs are the right-handed
companions to the SM neutrinos (active neutrinos) that can play the role of dark matter [2, 3],
give masses to SM neutrinos [4, 5] or generate a baryon-asymmetry [6, 7]. Moreover, it is
possible to accommodate for these phenomena simultaneously by considering an extension of
the SM with three HNLs – the Neutrino Minimal Standard Model (νMSM) [8–12].
In this work we consider Heavy Neutral Leptons that are singlets with respect to the SM
gauge group and couple to the SM via the neutrino portal as [13]:
Lneutrino portal = Fα(LαH˜)N + h.c. , (1.1)
with α = {e, µ, τ}, Fα dimensionless Yukawa couplings, Lα the SM lepton doublet, H˜ = iσ2H∗
the Higgs doublet in the conjugated representation and N the HNLs. The true singlet nature of
HNLs allows for the inclusion of an HNL Majorana mass term that obeys the gauge invariance
of the SM. As a consequence, after the SM Higgs acquires a non-zero vacuum expectation
value v = 246 GeV due to electroweak symmetry breaking, the HNL type-I seesaw Lagrangian
reads:
LHNL = iN /∂N −
(
MDα ναN −
1
2
N cMNN + h.c.
)
, (1.2)
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where MDα ≡ Fαv/
√
2 is the Dirac mass matrix, MN is the HNL Majorana mass matrix
and it is assumed that MN  MD. The Dirac mass term leads to a mixing between the
HNL and active neutrino sectors, which is characterized by small mixing angles and large
splitting in masses. Therefore, neutrino gauge states contain a small contribution from HNLs.
Consequently, this induces neutrino-like interactions for HNLs,
Lint = g
2
√
2
W+µ N
c
∑
α
θ∗αγ
µ(1− γ5)`−α +
g
4 cos θW
ZµN c
∑
α
θ∗αγ
µ(1− γ5)να + h.c. , (1.3)
which are strongly suppressed by the mixing angles
θα = |MDα |M−1N . (1.4)
Here we are interested in minimal type-I seesaw extensions with HNL masses below electroweak
scale, i.e., where direct searches of such HNLs are possible at present and future colliders. One
way to realize low-scale seesaw scenarios is by imposing a ‘lepton number’-like symmetry that
gets slightly broken in order to accommodate for neutrino masses [14, 15]. Frequently studied
models that fall into this category are the Neutrino Minimal Standard Model [14], linear
seesaw [16, 17], inverse seesaw [18] and minimal flavour violation models [19, 20]. In the case
of two Majorana HNLs with nearly degenerate masses and small ‘lepton symmetry’-breaking
terms, the Majorana pairs can be conveniently combined to form a pseudo-Dirac HNL [21],
which is the type of particle we will consider from this point onward.
HNLs can provide solutions to the observed phenomena mentioned before for a wide range
of masses and couplings. Additionally, they can also serve as a feasible explanation of
the reported excess in baseline experiments [22, 23] and possibly alleviate the tension in
measurements of the Hubble expansion rate [24]. Their parameter space can be constrained
by seesaw considerations [25], experimental searches (see [26] for a review) and cosmological
and astrophysical observations [27–34] (see also [35, 36] for combined analyses). Strong
experimental constraints on HNLs in the MeV − GeV mass range were previously obtained in
studies of pion and kaon decays, and neutrino-nucleus scatterings [37–43]. Further reach in
mass was possible using decays of heavier particles at e+e− colliders [44, 45]. Complementary
searches of active neutrino mixing patterns are summarized in [46] and can be used to
put constraints on right-handed neutrinos (see e.g. [36]). More recently, a comprehensive
experimental program has been developed to search for HNLs at collider, collider-based
and neutrino experiments [47–65], together with a vast effort in the theoretical community
in reinterpreting and combining constraints from various experimental sources [66–79]. In
addition, a wide range of experiments has been proposed to further extend the parameter
space that has already been probed [58, 80–92].
From a cosmological perspective, both the Cosmic Microwave Background (CMB) and Big
Bang Nucleosynthesis (BBN) can provide bounds that are complementary to those from
laboratory experiments. This makes them relevant when defining goals for proposed accelerator
experiments. For example, a change in the effective number of relativistic species due to
additional long-lived particles and their decay products can be probed by CMB measurements
(see e.g. [93–95]). Similarly, BBN provides a window into the very early stages of the Universe,
when several cosmologically relevant reactions made the delicate transition from the equilibrium
to the non-equilibrium regime. Given the outstanding agreement between BBN predictions in
the SM and measurements of primordial abundances, this makes BBN a powerful probe that
has been widely used to constrain new physics [96–101].
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The impact of short-lived HNLs on BBN has been studied in detail for low masses and bounds
have been derived for masses below the pion mass in [34, 102, 103] and up to ∼200 MeV
in [33]. In general, it has been shown that BBN can be used to constrain models in which
the particle’s lifetime exceeds ∼0.1 s. Currently, the bounds in the literature are extrapolated
to higher masses and do not take into account various effects that become relevant in this
domain, such as new decay modes, subsequent interactions of decay products, dilution due to
QCD phase transition and a number of corrections to the weak reaction rates.
In this work we review and revise the impact of short-lived, thermally decoupled HNLs on
BBN, update the currently existing bounds on HNL lifetimes and mixing angles, and extend
the analysis for masses up to 1 GeV. The goal here is to establish a robust estimate of the BBN
bound in this mass range. To this end, we have developed a Boltzmann code that accurately
accounts for the impact of sub-GeV scale HNLs on the cosmological evolution during the BBN
epoch. We include all relevant effects as mentioned above, use up-to-date measurements of
the primordial element abundances and marginalize over the baryon density to get pure BBN
constraints. Additionally, we make a direct comparison with the previous works [33, 34] and
the more recent analysis presented in the companion paper [104]. We also comment on the
models for which our bounds apply and on future prospects.
This paper is organized as follows: In Section 2, we discuss the relevant interactions of HNLs
with SM particles, the impact of such particles on BBN and the parameter space we expect to
probe with BBN. In Section 3, we describe the methodology used to model HNLs during BBN
and the statistical procedure deployed to set bounds on their lifetime. In Section 4, the results
of this work are presented. In Section 5, we discuss the robustness and applicability of the
obtained bounds, make comparisons with previous literature and bounds from the CMB, and
comment on future cosmological constraints. Finally, we present our conclusions in Section 6.
A complete set of bounds and further technical details are included in the Appendices A – G.
2 HNLs During the BBN Epoch
2.1 Interactions with the SM Plasma
In the expanding Universe, the effectiveness of interactions is controlled by the ratio of the
interaction rate and the Hubble expansion rate: Γ/H. Interactions with Γ H are efficient in
maintaining particles in thermodynamic equilibrium, while interactions with Γ H effectively
do not happen, leaving a particle out of equilibrium (decoupled). In the special case when
Γ ∼ H, the system enters an intricate non-equilibrium regime. Primordial nucleosynthesis
is characterized by a near coincidence of the decoupling temperature of weak reactions and
the temperature at which nucleosynthesis begins. This makes BBN a sensitive probe of new
physics at temperatures T ∼ 1 MeV.
In this work we consider Heavy Neutral Leptons with masses up 1 GeV. These particles
interact with the SM plasma in a similar way as active neutrinos, but with an additional
suppression due to the mixing angle. The typical HNL interaction rate ΓN in the relativistic
limit can then be obtained from the active neutrino interaction rate Γν by ΓN = |θ|2Γν . This
naturally implies that HNLs decouple like active neutrinos, but at a higher temperature. In
general, the mixing angle depends on the state of the medium, making it possible for HNLs
to initially be created out-of-equilibrium, but later thermalise and decouple [10, 105, 106].
A refined calculation that takes into account all leading-order reactions in the equilibration
rate, shows that HNLs with masses up to 1 GeV and lifetimes of interest (τN . 0.1 s) enter
equilibrium at temperatures T & 5 GeV [106]. We adopt this result and assume that all HNLs
considered here have been in equilibrium at some point
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Figure 1: Tree-level diagrams of HNL interactions mediated by charged and neutral currents:
a) scattering with, b) annihilation into and c) decay into leptons/quarks, and d) decay into
mesons. The particles α and β together represent a lepton or quark pair. α = β for neutral
currents and α 6= β for charged currents.
All interactions of HNLs with SM particles are mediated by charged and neutral currents.
Since the interaction rates are suppressed by the mixing angle θ  1, only tree-level Fermi-
type interactions are considered in this work (see Figure 1). At all temperatures, there are
scattering, annihilation and decay reactions involving HNLs, active neutrinos and charged
leptons. However, interactions with the hadronic matter need to be considered differently,
depending on whether HNLs decouple above or below the QCD transition temperature ΛQCD.
For temperatures T > ΛQCD, HNLs scatter with, annihilate and decay into free quarks, while
for T < ΛQCD the quarks are replaced by mesons. The number of HNL decay modes grows
with the mass of the particle and multi-meson final states become important for masses larger
than 1 GeV [107], while for smaller masses it is enough to consider only single-meson channels
as the hadronic decay modes. In this work we will only consider decay channels that have a
branching ratio larger than ∼1% (see Figure 2).
The decay products of HNLs in their turn will interact with the SM plasma. The unstable
products can be divided into particles that live long enough to interact with the plasma
prior to decaying (muons, charged pions, kaons) and those that effectively decay immediately
(neutral pions, η-mesons, neutral/charged ρ-mesons and ω-mesons). Subsequent decays of
heavy unstable HNL decay products can lead to a shower of SM particles, each affecting the
process of nucleosynthesis in a certain way. An overview of all relevant SM interactions and
interactions involving HNLs, together with their corresponding matrix elements, is given in
Appendix D.
2.2 Influence of HNLs on BBN
The two main observables of BBN are the primordial helium, YP, and deuterium, D/H|P,
abundances [108, 109]. The primordial helium abundance is mainly sensitive to the neutron-to-
proton ratio nn/np at the start of nucleosynthesis via the relation YP =
2nn/np
nn/np+1
and depends
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Figure 2: Branching ratios of HNL decays below QCD-scale involving neutrinos ν only,
charged leptons `, pions pi, kaons K, ω-, ρ- and η-mesons [107]. Top left : mixing with electron
neutrinos only. Top right : mixing with muon neutrinos only. Bottom: mixing with tau
neutrinos only. Note that the branching ratios of decays into kaons and ω-mesons hardly
exceed the percent level for the e- and µ-mixing cases and are hence neglected in our analysis.
only weakly on the baryon-to-photon ratio [109, 110]. In Standard Model BBN (SBBN), the
neutron-to-proton ratio at the start of nucleosynthesis is determined by the decoupling of the
reactions
n+ νe ↔ p+ e−
n+ e+ ↔ p+ νe (2.1)
n↔ p+ e− + νe
and the expansion history between this decoupling and start of nucleosynthesis (see Ap-
pendix G.2.4). On the other hand, the primordial deuterium abundance is primarily sensitive
to the baryon-to-photon ratio due to the deuterium photo-dissociation threshold (deuterium
bottleneck) [109, 110]. Note that an increase in the baryon-to-photon ratio leads to a decrease
in D/H|P. To put it concisely, the decay of a new particle into the neutrino sector of the
plasma can affect the primordial abundances differently than if the decay happens into the
electromagnetic sector [111].
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The SM plasma is in thermal equilibrium before neutrino decoupling, which means that any
signatures of HNLs are washed out if they decay before this event. Naturally, this sets a lower
(upper) limit on the lifetime (mixing angles) of HNLs, below (above) which BBN cannot be a
constraining probe. However, if their decays happen during or after neutrino decoupling, they
will affect BBN by
• their contribution to the cosmological expansion rate.
The additional energy density of HNLs in the system leads to an earlier decoupling of
the neutron-proton conversion reactions, but also to a shorter timescale during which
neutrons can decay. The neutron-to-proton ratio at the start of BBN, and consequently
YP, will be larger. Similarly, a larger neutron fraction leads to a smaller value of D/H|P.
• the interactions of their decay products with the plasma.
HNLs inject entropy into different sectors of the SM plasma, with particles that may
have different energies than those found in the plasma.
– Decay into νe leads to two effects: i) increase of the expansion rate, which leads
to larger YP and smaller D/H|P, and ii) additional interactions that preserve the
equilibrium between neutrons and protons longer. The latter effect would make the
neutron-to-proton ratio smaller if decay happens sufficiently early and neutrinos
have low energies. If this is not the case, neutrino spectral distortions will dominate
the neutron-proton conversion rates and cause higher values of YP.
– Decay into νµ/τ will increase the expansion rate similarly to νe. Moreover, neutrino-
neutrino interactions and neutrino oscillations will transfer part of the injected
energy to electron neutrinos and affect BBN like described above.
– Decay into e± and γ will inject more energy into the electromagnetic part of the
plasma and heat it up. This will lead to an increased expansion rate and effectively
dilute decoupled species. The dilution can be so severe, that the Hubble rate
may actually become lower compared to SBBN (see Section 4.1). The result is a
decrease in D/H|P (for fixed final baryon-to-photon ratio) and a slight increase in
YP due to neutrino spectral distortions.
– Decay into pions and kaons will lead to these particles participating in neutron-
proton conversion reactions prior to their subsequent decay. This will increase the
neutron-to-proton ratio and thus YP [104]. Additionally, if HNLs are long-lived and
these mesons are present around the time the nuclear reaction network commences,
then they would be able to destroy light nuclei and interfere with the aforementioned
effect [112, 113].
In Figure 3 we show the change in the primordial helium (left panel) and deuterium (right
panel) abundances with respect to the lifetime of a 200 MeV HNL that mixes with either
electron, muon or tau neutrinos. The increase in YP is due to neutrino spectral distortions,
while the decrease in D/H|P is mainly caused by the dilution effect (see also Section 4.1). Note
that in the muon and tau neutrino-mixing cases the increase in the helium abundance is the
strongest, since the branching ratio into neutrinos is the largest (see Figure 2). On the other
hand, in the electron neutrino-mixing case the deuterium abundance decreases more rapidly,
since electron neutrinos from HNL decays are more efficient than muon and tau neutrinos
in transferring energy from the neutrino sector to the electromagnetic sector of the plasma,
which leads to a stronger dilution effect. Finally, note that with current measurements of the
primordial helium abundance (grey band in the plot) the constraints on the HNL lifetime can
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Figure 3: Impact of a 200 MeV HNL on the primordial helium (left) and deuterium (right)
abundances as a function of its lifetime. The blue, yellow and green lines correspond to the
purely electron, muon and tau neutrino mixing case respectively and the horizontal dashed
lines depict the abundances in SBBN. The grey bands represent the mean ±2σ errors used in
our BBN analysis (see Eqs. (3.19) – (3.22)). These predictions are computed with neutron
lifetime τn = 880.2 s and baryon density η = 6.09× 10−10.
be notably improved, compared to the commonly used bound of 0.1 s. Currently, the theoretical
error in the determination of D/H|P is substantial, which leads to YP being the driving power
behind the bounds on HNLs.
To summarize, the influence of HNLs on BBN depends on their mass, lifetime and mixing
pattern. For lifetimes smaller than the time of neutrino decoupling (∼0.1 s), the SM plasma
is in thermal equilibrium and any deviation from this condition will be efficiently washed out.
Therefore, BBN will not be able to constrain such HNLs. For lifetimes larger, however, there
are effects that both increase and decrease the primordial abundances, making a numerical
modelling of these processes a requisite. The name of the game is to accurately determine the
expansion rate and the rates of the neutron-proton conversion reactions in Eq. (2.1).
We note that the inclusion of neutron-proton conversions due to interactions with mesons
requires an accuracy of order 10−7 in the determination of the HNL number density, which is
beyond the framework established here and is therefore not taken into account. We refer the
interested reader to the companion paper [104], where the impact of HNLs on BBN is studied
through a semi-analytical treatment of the effects mentioned before.
2.3 Relevant Domain of Parameter Space
There must be at least two HNLs in order to comply with the observed pattern of neutrino
oscillations. In the case of two HNLs, there are 11 free model parameters, while in the case
of three HNLs there are 18 parameters [114]. For the BBN phenomenology, however, only
the masses and mixing angles are relevant, since they determine when the HNLs decay and
how much entropy is injected into each sector. The requirement that HNLs are responsible
for neutrino mass generation provides a constraint on the HNL mixing angles – the so-called
seesaw bound. A convenient expression is given by [25]:
|θ|2 & |θ|2see-saw '
1
mN
√
∆m2atm ≈ 5 · 10−11
(
1 GeV
mN
)
. (2.2)
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Note that this is only a simplified limit (accurate within an order of magnitude or so) and
that a more sophisticated estimation of the seesaw bound can be found in e.g. [25] (see also
the discussion in [115]). Nevertheless, it enables us to roughly estimate the part of parameter
space where BBN can improve upon the seesaw bound. Using the approximate BBN bound of
τN ∼ 0.1 s, we find that it intersects the seesaw bound at mN ≈ 1 GeV. For smaller masses,
BBN provides stronger constraints than the seesaw bound. Vice versa, for masses well above
1 GeV and τN  0.1 s HNLs cannot explain the pattern of neutrino oscillations, while for
τN  0.1 s BBN is more or less insensitive to such particles. Hence, in this work we focus on
the influence of HNLs on BBN in the most relevant mass region mN < 1 GeV.
3 Methodology
The contribution of baryons to the cosmological evolution during BBN is suppressed by the
baryon-to-photon ratio η ≈ 6.09× 10−10 [93]. Therefore, we can first compute the evolution
of the background cosmology in the presence of HNLs and subsequently pass on the relevant
quantities1 to an external code that takes care of the nuclear reaction network and solves for
the primordial nuclei abundances. To this end, we have written a Boltzmann code, pyBBN2,
that computes the background cosmology and communicates with an external BBN code,
the modified KAWANO code [34, 116], to solve for the nuclear reaction network and return the
primordial abundances. The pyBBN code accurately simulates BBN in the presence of HNLs
with masses up to mN ∼ 1 GeV and includes all relevant interactions discussed in Section 2.1,
as well as a more refined computation of the neutron-proton conversion rates (see Appendix F).
We note that the modified KAWANO code itself is rather outdated, since it does not include the
most recent measurements of the nuclear reaction rates as compared to modern BBN codes
[110, 117, 118]. However, we make a direct comparison between the modified KAWANO code
and PArthENoPE2.0 [117] in Standard Model BBN (see Appendix G.2.5) and show that any
deviations between the two are well below the percent level. Our code is subjected to many
tests, of which a representative selection is summarized in Appendix G.2.
In this work, a number of well-justified approximations are made in order to simplify the
computation of the time evolution of the system:
• HNLs are treated as Dirac fermions with 4 degrees of freedom. Realistic low-scale seesaw
models introduce pseudo-Dirac fermions with an approximate U(1) ‘lepton number’-like
symmetry, where the small symmetry-breaking terms have only negligible consequences
for the BBN phenomenology [14, 19]. The influence of Dirac HNLs on BBN is the same
as two degenerate Majorana HNLs, as long as the mixing pattern, lifetime and spectrum
are the same. This means that the mixing angle of the Dirac HNL θD is related to that
of the Majorana HNLs θM by θD =
√
2θM.
• Matter effects on the mixing angle of HNLs are neglected. The deviation of the HNL
mixing angle in a medium θM from the one in vacuum θV is given by [104, 119]:
θM(T ) ≈ θV
1 + 2.2 · 10−7 ( T1GeV)6 (1GeVmN )2 . (3.1)
1This includes the time, scale factor, temperature, time derivative of temperature, Hubble rate, total energy
density and the neutron-proton conversion rates.
2https://github.com/ckald/pyBBN
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For the mass and lifetime range considered in this work, medium effects alter the HNL
mixing angles well below the sub-percent level and are thus not relevant.
• HNL decays with more than one meson in the final state are not considered. A comparison
of the HNL decay widths of channels involving single mesons with the total decay width
of HNLs into quarks, shows that multi-meson final states are only relevant for masses
mN & 1 GeV [107].
• Chemical potentials are neglected. Electrons and positrons strongly scatter and annihilate
within the electromagnetic sector and quickly erase chemical potentials. A similar
argument can be given for HNLs and neutrinos while still in equilibrium, since their
interactions with the quark, neutrino and electromagnetic sectors wash out excessive
chemical potentials to a sufficient degree. Right before they decouple, we evolve their
distribution functions manually and therefore no information on the chemical potential
is required afterwards. In addition, this work assumes a negligible primordial lepton
asymmetry, which sets the chemical potential of a particle equal to that of its anti-particle
(see 5.2 for a discussion of the opposite case of non-zero lepton asymmetry). This leads
to the convenient property that the distribution function of a particle of each species is
the same as that of the corresponding anti-particle.
• Neutrino oscillations are taken into account by following a similar procedure as in [34]. A
simple comparison of the characteristic timescale of oscillations between two flavours and
the Hubble time at T ∼ 1 MeV, shows that the former is much smaller than the latter.
Since the weak reaction rates involving neutrinos are of the same order as the Hubble
rate at this temperature, this means that active neutrinos will oscillate many times
between subsequent interactions. Therefore, it is possible to describe the oscillation
phenomenon by means of time-averaged transition probabilities Pαβ , which read [120]:
P (να → νβ) =
{
1− 2V 2α1V 2α2 − 2V 2α3(1− V 2α3) , α = β
−2Vα1Vα2Vβ1Vβ2 + 2V 2α3V 2β3 , α 6= β
(3.2)
where V is the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix,
V =
 c12c13 s12c13 s13−s12c23 − c12s13s23 c12c23 − s12s13s23 c13s23
s12s23 − c12s13c23 −c12s23 − s12s13c23 c13c23
 , (3.3)
with cij = cos(θij), sij = sin(θij) and θij the active neutrino mixing angles in vac-
uum. We use the best-fit values sin2(θ12) = 0.297, sin2(θ13) = 0.0215 and sin2(θ23) =
0.425 (NH) or sin2(θ23) = 0.589 (IH), that are derived from a global fit of neutrino
oscillation data [121, 122]. Note that the CP-violating phase usually present in the
PMNS-matrix is neglected here, as in this work a zero lepton asymmetry is assumed.
At temperatures of a few MeV, electron neutrinos interact through both neutral and
charged currents, which is not the case for muon and tau neutrinos, due to a negli-
gible abundance of muons and tau leptons available in the plasma. This will lead to
a non-diagonal charged current contribution to the neutrino self-energy (present only
for electron neutrinos), which cannot be absorbed in a redefinition of the fields. It
means that, when the neutrino mass matrix is diagonalized, the mixing angles of the
PMNS-matrix will now depend on properties of the medium. Following the approach
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presented in [120], the mixing angles in medium are given by:
θm12 =
1
2
arctan
 sin(2θ12)
cos(2θ12) +
AMSW
∆m2sol
 (3.4)
θm13(23) =
1
2
arctan
 sin(2θ13(23))
cos(2θ13(23))± AMSW∆m2atm
 (3.5)
AMSW =
16ζ(3)
√
2GFE
2T 4
piM2W
, (3.6)
where in the denominator of Eq. (3.5) the ’+’-sign is used for the normal neutrino
hierarchy and the ’−’-sign for the inverted neutrino hierarchy. Here, ∆m2sol = 7.37 ×
10−5 eV2 and ∆m2atm = 2.56 × 10−3 eV2 denote the measured solar and atmospheric
neutrino mass-squared differences respectively [121]. In our analysis we assume a normal
neutrino hierarchy, but we have checked that the results do not change significantly for
the inverted hierarchy.
• The QCD phase transition is modelled as an instantaneous event that takes place at
temperature T = ΛQCD = 150 MeV. At this point, quarks and gluons are replaced
by mesons and consequently the system undergoes a sudden jump in its expansion.
The entropic degrees of freedom gs of relativistic particles before and after the phase
transition are computed, after which entropy conservation is used to estimate the jump
in the quantity aT :
(aT )after = (aT )before
(
gs,before
gs,after
) 1
3
. (3.7)
Under the assumption that the temperature remains constant during the phase transition,
the scale factor will increase by a similar factor:
aafter = abefore
(
gs,before
gs,after
) 1
3
. (3.8)
This means that decoupled particles (in this case HNLs if the mixing angle is small
enough) will experience a dilution effect, while particles in equilibrium are unaffected.
Some of these approximations make it possible to simulate the BBN epoch by only considering
the evolution of the particle state of each species, i.e., the evolution of the anti-particle state
is consequently set at the same time. The gravitational contribution of both particle and
anti-particle of each species is then captured by the number of degrees of freedom, which
enters in the definition of the energy density. In what follows, the system of equations used to
simulate the BBN epoch is extensively laid out.
3.1 System of Equations
The behaviour of the homogeneous and isotropic Universe at large is governed by the Friedmann
equations that connect its expansion rate to the energy density of the primordial plasma:
H2 =
8piGρ
3
(3.9)
dρ
dt
= −3H(ρ+ p) , (3.10)
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where H ≡ a˙a is the Hubble expansion rate, G is the gravitational constant, ρ and p are the
total energy density and pressure of the primordial plasma respectively.
Writing the energy density as the sum of contributions from equilibrium and non-equilibrium
species, ρ = ρeq + ρnoneq, the evolution of the plasma temperature can be obtained from
Eq.(3.10) and reads:
dT
dt
= −3H(ρ+ p) +
dρnoneq
dt
dρeq
dT
. (3.11)
Expressions for ρeq and ρnoneq can be substituted in this equation to obtain an explicit formula
for the temperature evolution (see appendix C for a full derivation).
Since the early Universe is homogeneous and isotropic, the distribution function of a particle
α depends only on time and the absolute momentum p: fα(t,x,p) = fα(t, p). A separate
distribution function can be assigned to every quantum degree of freedom, but frequently the
processes in the system will wash out the differences between some of them. For example,
electromagnetic interactions of electrons easily flip the helicity, keeping their left- and right-
helical distribution functions equal to each other. Together with the approximations of no
lepton asymmetry and zero chemical potential, this means that fα(t, p) is the 1-particle
distribution function that we assign to each degree of freedom of a specie. Therefore, it is
sufficient to track the evolution of only one fα(t, p) and include the cosmological impact of a
specie through the number of internal degrees of freedom gα. The density and pressure of a
particle specie α are then defined by:
ρα =
gα
2pi2
∫
dp p2Eαfα(t, p) (3.12)
pα =
gα
6pi2
∫
dp
p4
Eα
fα(t, p) , (3.13)
where gα is the number of degrees of freedom. At temperatures around 1 MeV, weak interactions
decouple and any spectral distortions in neutrino distribution functions are not washed out
efficiently any longer. Distortions in the distribution functions of neutrinos can originate from
the decay of HNLs into high-energy neutrinos. While spectral distortions are not relevant in
SBBN [110], they can play a significant role when HNLs are present and affect the neutron-
proton conversion rates. One way to obtain the evolution of distribution functions and to
keep track of distortions due to non-equilibrium dynamics is by means of the unintegrated
Boltzmann equation:
dfα
dt
=
∂fα
∂t
−Hp∂fα
∂p
= Iα , (3.14)
where Iα is the collision term that encodes the details of interactions. For a reaction involving
specie α and (γ − 1) other particles of the form
α+ 2 + 3 + ...+ β ↔ (β + 1) + (β + 2) + ...+ γ .
Iα is equal to [123]:
Iα =
NW
2gαEα
∑
ini,fin
∫ γ∏
i=2
d3pi
(2pi)32Ei
S|M|2F [f ](2pi)4δ4(Pin − Pout) , (3.15)
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with gα the degrees of freedom of particle α, Pi the four momentum of a state, S the symmetry
factor and |M|2 the unaveraged, squared matrix element summed over helicities of initial
and final states (see Appendix D for details). The factor NW accounts for additional degrees
of freedom in final-state particles other than helicities (for example, NW = Nc = 3 for two
quarks in the final state). The sum runs over all possible initial states ‘ini’ = {α, 2, . . . , β}
and final states ‘fin’ = {(β + 1), (β + 2), . . . , γ} involving particle α. F [f ] is the functional
that captures the influence of the medium on the interactions and is given by
F [f ] = (1± fα) . . . (1± fβ)fβ+1 . . . fγ − fα . . . fβ(1± fβ+1) . . . (1± fγ) . (3.16)
Here (1− f) is the Pauli blocking factor used for fermions and (1 + f) the Bose enhancement
factor used for bosons. For the interactions considered in this work, the collision term can
be simplified considerably to obtain a 1- and 2-dimensional integral for three-particle and
four-particle reactions respectively (see Appendix E for more details).
The collision term describes how the distribution function changes through both the direct and
reverse reactions. High rates of interactions in the early Universe thermalize the distributions
of most particles, bringing them to Fermi-Dirac or Bose-Einstein form (for fermions and boson
respectively) and which makes the collision integral vanish. This provides a convenient initial
condition for the system of Boltzmann equations considered, as we assume that all particles
were in thermal equilibrium at some high temperature. The equilibrium particle distribution
functions are determined only by the temperature T and read:
f(t, p) =
1
eE(p)/T (t) ± 1 , (3.17)
where E(p) =
√
p2 +m2 is the energy of the particle and the plus-sign and minus-sign in the
denominator are used for fermions and bosons respectively. At the temperatures considered in
this work, the primordial background plasma consists of:
• Photons and electrons/positrons, which are in equilibrium at all relevant times and have
distribution functions of the Bose-Einstein and Fermi-Dirac form.
• Quarks and gluons above QCD phase transition, which are also in thermal equilibrium
down to T = ΛQCD.
• Active neutrinos, which decouple at a temperature of few MeV. Slightly before decoupling,
the Boltzmann equation is solved in order to accurately account for spectral distortions
in their distribution functions. Neutrino oscillations are included by means of the time-
averaged transition probabilities in Eq. (3.2). The set of three Boltzmann equations for
active neutrinos then reads:
∂fα
∂t
−Hp∂fα
∂p
=
∑
β
PαβIβ , (3.18)
where α, β ∈ {e, µ, τ}.
• Heavy Neutral Leptons. The condition that high-mass HNLs should survive down to
temperatures of few MeV in order to affect BBN, restricts the mixing angle to small
values. Consequently, this means that such HNLs decouple (semi-)relativistically. At
high temperatures the SM plasma is in thermal equilibrium and medium effects can have
a strong influence on the decoupling process of HNLs. Therefore, the full unintegrated
Boltzmann equation for HNLs is also solved, to simulate their decoupling properly.
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• Unstable decay products of HNLs. Some of these decay products – muons and pions –
are in equilibrium until their decay rate starts to dominate the interaction rates that
keep them in equilibrium. At temperatures of interest for BBN, all muons and mesons in
the plasma are assumed to originate from HNL decays. Their subsequent decay proceeds
through various decay channels, of which some can have yet again unstable particles
in the final state. A Boltzmann equation for each of these unstable particles must be
solved accordingly.
To summarize, the system of equations consists of: The Friedmann equation (3.9) for the
scale factor a(t), the temperature evolution equation (3.11) for the temperature T (a), three
Boltzmann equations (3.18) for the active neutrino distribution functions fνα , a Boltzmann
equation (3.14) for the Dirac HNL distribution function fN and X Boltzmann equations (3.14)
for the distribution functions of X unstable HNL decay products fXi . Initial conditions for
Boltzmann equations are taken as equilibrium distributions at time slightly before decoupling.
There is an equal number of evolution equations as there are unknowns. This system of
equations is therefore closed and can be solved numerically.
3.2 Cosmological Data and Analysis
Common methods to measure the primordial helium abundance YP are based on 1) observations
of the CMB damping tail [93] and 2) observations of hydrogen and helium recombination lines
in low-metallicity regions [124–128]. The former method gives a determination of YP with an
error of ∼10% [93], while the latter method is reportedly able to provide a measurement of
YP with percent-level accuracy. Likewise, the primordial deuterium abundance is commonly
determined by observations of absorption features in quasar spectra due to metal-poor gas
clouds [129–132], which also is reported to yield an accuracy around one percent.
Our main analysis is performed with the means and errors for the primordial helium and
deuterium abundances as recommended by the PDG [133]. At 1σ they read:
YP = 0.245± 0.003 , (3.19)
D/H|P = (2.547± 0.025)× 10−5 . (3.20)
The prediction of the primordial abundances is subject to errors originating from uncertainties
in the neutron lifetime and the nuclear reaction rates [109, 110]. They are given by:
σ(YP)
Theo = 0.00018 , (3.21)
σ(D/H|P)Theo = 0.05×D/H|TheoP . (3.22)
Since the uncertainty in the neutron lifetime is directly accounted for, we fix it to the PDG
recommended value of τn = 880.2 s.
Boltzmann simulations can be computationally expensive and therefore it would not be
practical to vary the baryon-to-photon ratio besides the HNL mass and lifetime. Therefore,
we compute the primordial abundances for a given value of the baryon-to-photon ratio, which
is taken as η0 = 6.09× 10−10 [93], and then obtain the abundances for other values of η by
using general scaling relations in a similar fashion as in [109]:
YP ∝
(
η
η0
)0.039
D/H|P ∝
(
η
η0
)−1.62
. (3.23)
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We have explicitly verified that these scaling relations apply independently of HNL mass,
mixing angle and mixing pattern. The inclusion of HNLs in the system induces deviations of
the primordial abundances compared to the SBBN case. In order to quantify these deviations,
we define the following χ2:
χ2BBN =
[
YP − Y ObsP
]2
σ2(YP)Theo + σ2(YP)Obs
+
[
D/H|P −D/H|ObsP
]2
σ2(D/H|P)Theo + σ2(D/H|P)Obs . (3.24)
The statistical analysis is performed by computing the quantity χ2BBN for different combinations
of (mN , τN , η) and then by marginalizing over η. Next, a minimum χ2min, which in this work is
taken as the χ2 in SBBN, is subtracted from all χ2BBN. This is a reasonable approximation of
χ2min, since BBN predictions in the SM already give a good fit to the data and this approach
will result in conservative bounds. A combination (mN , τN ) is then ruled out at 2σ when
∆χ2 ≡ χ2BBN − χ2min = 6.18, where this last value is obtained by evaluating the quantile
function of the χ2-distribution with 2 degrees of freedom Q(p, 2) at the point p = 0.954.
4 Results
Here we present our main findings and bounds on the lifetime and mixing angles of HNLs.
4.1 Overview of Relevant Effects
1. Neutrino spectral distortions
The impact of neutrinos on BBN is defined in terms of their contribution to the
expansion rate and their participation in the neutron-proton conversion reactions. SBBN
is characterized by the fact that neutrino decoupling and neutron decoupling happen
around the same time. This means that there is an absence of high-energy neutrinos
around the time neutrons go out of equilibrium, as their distribution function is very
close to that of a thermal one. The current generation of high-precision BBN codes (see
e.g. [110, 117, 118]) takes advantage of this mechanism and treat active neutrinos as
thermal-like particles with an effective temperature at all times, i.e., they account for
the gravitational effect of incomplete neutrino decoupling, but they do not fully consider
the effect of spectral distortions on the weak rates. Indeed, in SBBN these distortions
are negligible, as they only add a correction to the primordial helium abundance at the
level of 10−3 (see [134] and Table 1).
Once HNLs enter the system, this picture changes significantly. If HNLs decay around
time of neutrino decoupling, SM reactions will not be efficient enough to completely bring
high-energy neutrinos back in equilibrium (and thus restore the balance in the rates as in
SBBN). Their energy loss rate is sufficiently high to distribute the excessive energy over
the neutrinos in the thermal bath, but falls short of erasing non-equilibrium signatures in
their spectra. We show that these spectral distortions in the active neutrino distribution
functions are one of the main driving powers behind changes in the primordial helium
abundance. High-energy neutrinos from HNL decays will dominate the neutron-proton
conversion rates, moving their ratio away from Γp→n/Γn→p = e−(mn−mp)/T to higher
values. Since the neutron-to-proton ratio is determined by the aforementioned ratio
of rates, the presence of high-energy neutrinos leads to an increase of the primordial
helium abundance as compared to the SBBN case.
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Figure 4: Evolution of the neutron-proton conversion rates and their dependence on neutrino
spectral distortions in the presence of an HNL of mass 200 MeV and lifetime 0.08 s that
mixes with electron neutrinos only. Left: The neutron-proton conversion rates Γnoneq and the
Hubble expansion rate H, normalized by the neutron decay rate in vacuum Γdecn . Right: Ratio
of proton-to-neutron and neutron-to-proton conversion rates using non-equilibrium neutrino
distributions (‘Non-eq’) and thermal-like neutrino distributions (‘Eq’). Here only scattering
reactions are considered. The normalization factor N is equal to (Γp→n/Γn→p)−1 in SBBN.
We observe this trend of increasing YP due to spectral distortions irrespective of mass,
lifetime and mixing pattern. The primordial deuterium abundance, on the other hand, is
not so sensitive to the dynamics that determine the neutron-to-proton ratio, but rather
to the baryon-to-photon ratio.
In Figure 4 we demonstrate the influence of spectral distortions on the neutron-proton
conversion rates for a 200 MeV HNL of lifetime 0.08 s. From the left panel it is clear
that the conversion reactions decouple around T ≈ 1 MeV, which marks the temperature
range of interest we will focus on. In the right panel the ratio Γp→n/Γn→p obtained
by using non-equilibrium neutrino distributions and thermal-like neutrino distributions
is compared to the same quantity in SBBN. We find that spectral distortions increase
this ratio to higher values (dashed curve). More specifically, they increase the rates of
the reactions pνe → ne+ and nνe → pe−, since their cross-section is proportional to
the squared neutrino energy. Whereas in SBBN the ratio of these two rates is mostly
determined by the neutron-proton mass difference, this barrier is easily overcome in
the presence of high-energy neutrinos. A larger value of the ratio Γp→n/Γn→p naturally
leads to a higher neutron-to-proton ratio and thus a higher primordial helium abundance.
Note that the negligence of spectral distortions leads to the opposite effect on the ratio
of proton-neutron conversion rates (solid curve) and therefore also on the primordial
helium abundance. In Table 1 we quantify this effect. We see that using non-equilibrium
neutrino spectra as opposed to thermal-like spectra increases the primordial helium
abundance with a relative difference higher than the 2σ error in YP (Eq. 3.19). As an
example, for a 200 MeV HNL of lifetime 0.08 s, this makes the difference between being
excluded by current data or not.
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Model
YP 10
5×D/H|P
Non-eq. Eq. Rell. diff. Non-eq. Eq. Rell. diff.
SBBN 0.24657 0.24642 0.06% 2.6082 2.5913 0.6%
mN = 200 MeV
τN = 0.08 s
0.25498 0.24268 4.8% 2.4373 2.4458 0.3%
Table 1: Primordial helium and deuterium abundances in SBBN and in the presence of
HNLs when non-equilibrium neutrino distributions are used (‘Non-eq.’) or when thermal-
like neutrino distributions are used (‘Eq.’). Non-equilibrium distributions take into account
neutrino spectral distortions, while equilibrium distributions only account for the gravitational
effects of HNLs. HNL mixing with electron neutrinos only is considered here. These values
are obtained using τn = 880.2 s and η = 6.09× 10−10.
2. Modified expansion history
While HNLs add to the energy density of the Universe and thus the expansion rate, their
decays into the electromagnetic sector of the plasma can strongly dilute the abundance of
decoupled species and consequently decrease the expansion rate. Moreover, the injection
of non-equilibrium neutrinos further heats up the EM plasma by transferring energy via
ν − e scatterings and by shifting the balance of the reactions νν ↔ e+e− to the right.
The impact of these effects on active neutrinos is shown in Figure 5. In the left panel
the change in the effective number of extra relativistic species Neff is plotted against
the lifetime of a 200 MeV HNL. The grey band in the plot is the measured value of Neff
by Planck at 2σ and reads NCMBeff = 2.89± 0.62 [93, 111]. This plot shows that HNLs
can significantly diminish Neff , while the SBBN prediction is obtained back again when
the lifetime is short enough and neutrinos are still in equilibrium. We emphasize that
this is only the case for HNL masses above ∼50 MeV and lifetimes . 0.1 s [24]. In the
right panels of Figure 5 the Hubble rate and the total active neutrino energy density
in the presence of 200 MeV HNLs are compared to the same quantities in SBBN. The
dilution of neutrinos can be so severe, that the Hubble rate becomes smaller than the
one in SBBN at a given temperature. If the injection of energy into neutrinos does not
compensate this dilution, the net result will be a decrease of the expansion rate and a
later decoupling of neutron-proton reactions. Note that while the dilution of neutrinos
also leads to lower neutron-proton conversion rates, this effect only partially compensates
for the decrease in YP as implied by a lower expansion rate.
In Table 1 we see the consequences of this effect explicitly for YP and D/H|P by
comparing the middle columns (‘Eq’) between the different cases. In our benchmark
example of an HNL of mass 200 MeV and lifetime 0.08 s, this causes a decrease in YP
due to later decoupling of neutron-proton conversion reactions and a decrease in D/H|P
due to dilution of baryons (which therefore requires a higher initial value). As expected,
the gravitational effect is the dominant effect for the primordial deuterium abundance.
In summary, for the primordial helium abundance this dilution effect is sub-dominant and the
net effect is an increase of the primordial abundances, driven by spectral distortions in the
active neutrino distribution functions. For the primordial deuterium abundances, on the other
hand, the gravitational effect is of most importance, with the dilution effect dominating at
high masses.
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Figure 5: Left: Impact of a 200 MeV HNL on the effective number of extra relativistic species
Neff as a function of its lifetime. The dashed line corresponds the value of Neff in SBBN and
the grey contour corresponds to the mean ±2σ measurement by Planck [93]. Right: Influence
of a 200 MeV HNL on the Hubble rate (top panel) and the active neutrino energy density
(bottom panel), both normalized by the same quantities in SBBN.
4.2 Bounds on the Lifetime and Mixing Angles of HNLs
We present here the BBN bounds for HNLs with masses up to 1 GeV. The bounds are shown
for three mixing patterns: those that mix purely with electron, muon or tau neutrinos. A direct
comparison between the bounds obtained with pyBBN and those in [33, 34, 104] is provided
in Appendix A. In Figure 6 the bounds on the HNL lifetime are shown. We note that these
bounds are independent of the Dirac or Majorana nature of the HNLs. The trend of the
bounds can be categorised into three mass regions:
A. mN . 135 MeV
In this mass range only three-body decays into leptons occur. The reason for the
weakening of the bounds at lower masses is twofold: 1) such HNLs decay into neutrinos
with energies low enough to be sufficiently washed out before they can affect the neutron-
proton conversion reactions and 2) the HNLs are still in thermal equilibrium, which
leads to a Boltzmann suppression of their number density at temperatures lower than
their mass.
B. 135 MeV . mN . 200 MeV
In this region the main decays of HNLs transition from three-body decays into leptons
to two-body decays into pions and leptons. Since HNLs in this range have masses
that are close to the pion mass, the created neutrinos have relatively lower energies
and affect BBN less severely. Moreover, this region also marks the transition between
non-relativistic HNL decoupling and relativistic HNL decoupling. The energy density
of HNLs reaches a (local) maximum at mN ∼ 140 MeV and then decreases for higher
masses, until it becomes more or less mass-independent around mN & 200 MeV. This
decrease of the HNL density also diminishes their effect on BBN.
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Figure 6: Constraints at 2σ from BBN on the lifetime of HNLs that mix purely with electron,
muon or tau neutrinos. See also Figure 10 for BBN bounds for masses down to few MeV.
C. mN & 200 MeV
The bounds for such masses become more or less constant. HNLs in this mass range
decouple while they are in the (ultra-)relativistic regime, which results in their abundance
at low temperatures to become roughly mass independent. Moreover, high-energy
neutrinos from HNL decays quickly lose their energy due to subsequent interactions,
leaving eventually a non-equilibrium neutrino population with an energy range that is
only weakly sensitive to the total amount of energy initially injected into the neutrino
sector. The reason that τ -mixing gives stronger bounds than the other cases is simply
due to a larger branching fraction of HNL decays into neutrinos (see Figure 2). Also note
the deviation of the muon mixing bound from tau mixing bound starting at mN ≈ 250
MeV, which corresponds to the threshold of the decay channel N → µ±pi∓.
For mN > mpi, BBN is able to constrain HNLs with lifetimes down to 0.03− 0.05 s, depending
on their mixing pattern. For example, the lifetime of HNLs that mix with tau neutrinos
is constrained almost twice as strong as compared to the electron neutrino mixing case.
This analysis improves upon the commonly used bound of 0.1 s in previous literature by a
factor of 2 − 3. The bounds on the lifetimes can be translated to bounds on the mixing
angles by using the definition of the decay width τN = Γ−1N (mN , θ
2). We put the obtained
bounds on the mixing angles of two degenerate Majorana HNLs in a wider context in
Figure 7 and compare them to currently existing bounds from experiments, as well as
forecasts for upcoming and proposed experiments. The forecasted bounds are added for
a number of experiments that have the potential to probe the parameter space close to
the BBN bound, which in this context are SBN [135], DUNE [136], MATHUSLA200 [137]
and SHiP [138]. Note that some of the experimental bounds shown here are obtained
for a single Majorana HNL and are therefore an underestimation within the context of
the two Majorana HNLs considered here (usually must be scaled down by a factor
√
2).
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Figure 7: Constraints on the mixing angles of HNLs that mix purely with electron (top),
muon (middle) or tau (bottom) neutrinos. The grey regions indicate currently existing limits
from experiments (see [47, 58, 63, 65, 138]), the brown regions (Seesaw) are based on Eq. (2.2)
and the red regions (BBN) are the 2σ results of this work (see also Figure 10 for BBN bounds
for masses lower than displayed here). The lower red, dashed curves roughly denote the
boundaries below which our approach is not valid anymore (see text for details and Figure 10
for the full curves). The sensitivity estimates for upcoming and proposed experiments are
based on [62] (SBN), [88, 139] (DUNE), [82] (MATHUSLA200) and [84, 92] (SHiP).
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The dashed, red curves in Figure 7 roughly indicate the boundaries below which our approach
starts to break down. This is because we have considered HNLs with short lifetimes in this
work, while for much longer lifetimes a number of new effects become relevant (see also [104]):
• HNLs with too small mixing angles are no longer able to enter thermal equilibrium during
the Universe’s evolution, which eventually results in a different initial condition for their
abundance. This limit can be estimated by evaluating for which lifetimes the HNL-SM
scattering rate (medium effects in Eq. (3.1) included) is smaller than the Hubble rate,
ΓN↔SM(Tmax) . 3H(Tmax), where Tmax is the temperature at which ΓN↔SM peaks. For
mN = 0.1 GeV this gives τN & O(104) s and goes down to τN & O(1) s for mN = 1 GeV.
• If charged mesons originating from HNL decays are sufficiently present in the plasma
when the nuclear reaction network sets on (around t∼ 200 s), then they will be able to
destroy light nuclei and decrease their abundances [112, 113]. An estimate for when
this effect becomes relevant can be obtained by determining the lifetimes for which
the number density of mesons exceeds the number density of helium, nmesons(TBBN) &
1
4nbaryons(TBBN), where TBBN is the temperature of start of primordial nucleosynthesis.
This gives a limit of τN & O(30) s.
The lower boundaries are a combination of these two points, where the second one only comes
into effect when HNLs can decay into charged mesons (pions or kaons).
In this figure we see that the combination of current experimental bounds and bounds from
BBN allows to exclude short-lived HNLs with masses up to ∼450 MeV for electron neutrino
mixing and up to ∼360 MeV for muon neutrino mixing. Given the range of validity of our
bounds at these masses (see also Figure 10), this holds for lifetimes up to at least a few tens of
seconds. For tau neutrino mixing there are currently no experimental bounds that overlap with
the BBN bounds in the mass range 0.1−1 GeV and, therefore, no such exclusions can be made.
Nevertheless, SBN, DUNE and proposed experiments such as SHiP and MATHUSLA200
will be able to cover a significant part of the parameter space for all three mixing cases and,
together with the bounds from BBN, greatly reduce the size of the remaining gaps for masses
up to 1 GeV.
4.3 Fitting Functions
We summarize the output of pyBBN in the form of fitting functions for the primordial helium
abundance as a function of the HNL lifetime. These fitting functions may be useful as a quick
way to obtain the results of this work (without the meson effect) and can be used in a fast
check when, for example, improved data will be available. For the three mixing patterns
considered before, they read:
Y FitP
∣∣∣
e−mixing
= 0.24657 + 2.2 τ2N exp(2.1τN ) (4.1)
Y FitP
∣∣∣
µ−mixing
= 0.24657 + 2.6 τ2N exp(2.5τN ) (4.2)
Y FitP
∣∣∣
τ−mixing
= 0.24657 + 3.7 τ2N exp(2.4τN ) , (4.3)
where τN is the HNL lifetime in seconds. These fitting functions are tested for lifetimes
0.01 s ≤ τN ≤ 0.05 s and masses 150 MeV ≤ mN ≤ 1 GeV (e-mixing and µ-mixing) and
250 MeV ≤ mN ≤ 1 GeV (τ -mixing). They have a maximum deviation from the simulated
data of ∼0.5% (for masses in the lower range), which decreases with increasing mass or
decreasing lifetime (already down to  0.1% for mN ≈ 1 GeV).
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5 Discussion
In this section we comment on the effects neglected in our analysis and the sensitivity of the
obtained bounds to the joint theoretical and observational errors in the primordial abundances.
Next, we elaborate on the implications and relevancy of the bounds for several particle physics
and cosmological scenarios. Lastly, we briefly compare with results in previous literature and
discuss the impact of more accurate determinations of the primordial abundances.
5.1 Robustness of the Bounds
Neglected processes. Despite of having the rigorousness and thoroughness of the Boltz-
mann approach at hand to track down non-equilibrium dynamics, there are still some processes
left that require an accuracy that is nearly unattainable when using this method. The most
relevant example of this is the treatment of neutron-proton conversion reactions due to mesons
h± = {K±, pi±} originating from HNL decays N → . . . → h± + X. These reactions are
mediated by the strong force and have higher rates than the ones in Eq. (2.1). The study
in the companion paper [104] has found that in order to accurately model this process, a
precision of ∼10−7 in the determination of the HNL number density is necessary. In this
same reference it has been shown that this effect increases the derived bounds for HNL mass
mN ≥ mh + m` in the case of electron- and muon-mixing, while for tau-mixing this only
happens when mN exceeds the η-meson mass. Given the current precision in measurements
of the primordial abundances, this effect improves upon our bounds by a factor of ∼2, but
becomes less dominant with more precise measurements of YP (see Figure 8). Other effects
neglected in this work (besides those occurring at long lifetimes, see Section 4.2) are muon
neutrino-driven neutron-proton conversions and some minor radiative corrections to the weak
reactions (see, however, Appendix F.1 for a comment on the latter). Nevertheless, these effects
either make the bounds slightly stronger (former) or affect the primordial abundances in a
way well below the sensitivity of our analysis (latter).
Errors in YP, D/H|P and τn. The bounds also depend on the measured and theoretical
errors in the primordial abundances. From Eqs. (3.19) – (3.22) we see that the observational
error in YP and the theoretical error in D/H|P are the dominating errors (see, however, [140]
for recent developments in relation to the latter). In fact, since the latter is considerably
large, it makes YP the driving power behind the constraints. We find that using a smaller
theoretical uncertainty for D/H|P, such as the one in [110], changes our lower mass bounds
only, with a maximum improvement of a factor ∼2 at mN = 10 MeV and already down
to  1% at mN = 100 MeV. This improvement happens mainly in the lower mass region,
since such light HNLs have lifetimes τN & 0.1 s and can alter the Hubble expansion and
thus the baryon-to-photon ratio. Consequently, this latter quantity affects the primordial
deuterium abundance the most. In this work the 2σ allowance roughly corresponds to an error
in YP of about 2.5%. Taking into account that recent measurements of YP [125–128] are all
consistent with each other within 1σ3, we find that the 2σ bounds presented here correspond
to a modest error in the primordial helium abundance. In addition, since YP always increases
in the presence of short-lived HNLs, using a neutron lifetime of τn = 880.2 s rather than
τn = 887.7 s [133] in our analysis results in weaker bounds.
Based on these considerations, we find that the constraints presented in this work are conser-
vative and therefore provide a rigorous complement to bounds from laboratory experiments.
3The study [124] reports a primordial helium abundance with a relative difference of approximately 4%
from the PDG recommended value [133]. Using such error in our analysis relaxes our bounds roughly by a
factor ∼1.5.
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5.2 Applicability of the Bounds
Range of validity. In this work we studied the impact of short-lived HNLs on BBN and
therefore did not include the impact of a couple of effects that come into play at much longer
lifetimes, as detailed in Section 4.2. This provides the range of validity of our bounds, which
is marked by the red, dashed lines in Figure 7 or, equivalently, the dotted lines in Figure 10.
Generic mixing patterns. We have considered cases where HNLs mix with one neutrino
flavour only. While the mixing pattern can affect the initial abundance of a certain neutrino
flavour, subsequent SM interactions lead to a quick energy loss and redistribution of the
injected energy among the other flavours. Moreover, neutrino oscillations are still relevant at
temperatures when HNLs decay and further distribute the injected energy over the different
neutrino flavours. Therefore, it is the total amount of neutrinos injected as a whole that
matters most and – to lesser extent – their energy range. For example, HNLs that mix with
tau neutrinos decay more often into neutrinos than the other two mixing cases (see Figure 2),
which leads to this type of mixing to be the strongest constrained. As such, for a given mass,
any mixing pattern will give a bound on the lifetime that is in between those in Figure 6.
Relation to realistic models. Next, in the simulations we modelled HNLs as Dirac
particles with 4 degrees of freedom. This is equivalent to dealing with two Majorana particles,
each with 2 degrees of freedom, that are degenerate in mass and have the same set of
mixing angles. The mixing angles between the two cases are related by θD =
√
2θM . Such
degeneracy approximately appears in so-called ‘symmetry protected’ scenarios which impose a
‘lepton number’-like symmetry [35, 72] and are motivated by low-scale leptogenesis and seesaw
scenarios for large mixing angles (significantly above the estimate in Eq. (2.2)). While the
Dirac sterile neutrinos considered in our simulations are not able to account for the non-zero
neutrino masses, since the mass generation mechanism requires small symmetry breaking
terms (see also discussion in [141]), the limit of approximate ‘lepton number’-like symmetry
is of phenomenological interest because it operates with the largest experimentally allowed
mixing angles [35, 57]. To successfully produce non-zero active neutrino masses and generate
a baryon asymmetry, the masses mNi and mixing angles θαi of the two heavy Majorana HNLs
i = {1, 2} need to have a small but finite difference, forming a pseudo-Dirac fermion [141].
From an experimental point of view, as the mass splitting between the two Majorana HNLs
|mN1−mN2|  mN is too small to be resolved, this has as a consequence that experiments are
not sensitive to the individual mixing angles, but rather to their sum |θα|2 =
∑
i |θαi|2 [142].
A similar reasoning also applies for the BBN phenomenology. Therefore, the results presented
here can be used as bounds on such very degenerate Majorana HNLs/pseudo-Dirac HNLs.
Note that the bounds do not apply to models with single Majorana HNLs, since this implies a
different cosmological evolution than the one studied here. Moreover, in many cases adding a
viable dark matter candidate does not change the calculations presented here due to very weak
interactions with SM species or a low abundance (see e.g. [143] for the case of the νMSM).
Alternative models of HNLs. Here we considered minimal type-I seesaw models, that
involve HNLs interacting with SM particles through the neutrino portal. We assumed
a negligible primordial lepton-asymmetry. Generally, a large lepton asymmetry causes a
suppression of the mixing angle in a medium, diminishing active-sterile neutrino conversions.
This affects the thermalisation and decoupling of HNLs at high temperatures (see e.g. [144, 145]
for the case of light sterile neutrinos). For higher masses a proper calculation of this effect
should be considered to see for which part of parameter space it is relevant (see [146] for a
study at very small mixing angles and where this effect is considered).
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A recent example of an other model that incorporates HNLs is the dipole portal [147], where
HNLs couple to the electromagnetic field strength tensor and the SM neutrino fields. They
decay mainly via the channel N → νγ, which resembles the decay of HNLs into neutral pions
N → νpi0 → νγγ studied here. Therefore, we expect that this dipole interaction has similar
consequences for BBN as studied in this work (neutrino spectral distortions and late reheating).
Consequently, our constraints on the HNL lifetime for masses higher than the pion mass can
be – very roughly and with caution – mapped on this model’s free parameters, simply by
using the lifetime formula τ−1N ∝ |d|2m3N [147].
Any other scenario that introduces additional long-lived (non-DM) companions to HNLs will
alter the evolution of the Universe and affect BBN in a different way than studied here. In
many cases this means a relaxation of the bounds presented in this work.
5.3 Comparison with Previous Literature and Bounds from the CMB
The impact of HNLs on Big Bang Nucleosynthesis has been previously studied in [34] for
masses below the pion mass and in [33] for masses below 200 MeV. The former employed a
similar Boltzmann approach as the one here, while in the latter several assumptions were
made to simplify the computation of the collision integral and kinetic equations, which lead
to a weaker impact of HNLs on BBN [102] (see Appendix A for details). A more recent
study presented in the companion paper [104] estimates the impact of HNLs on BBN for
masses 50 MeV ≤ mN ≤ 1 GeV in a semi-analytical way, taking into account all relevant
effects. This study treats high-energy neutrinos from HNL decays as separate species that are
suspended in a thermal bath of equilibrium particles with which they also interact and imposes
several simplifications to avoid using the unintegrated Boltzmann equation in Eq. (3.14). In
Appendix A we make a comparison with [33, 34], where we use the same statistical analysis
as [34] to obtain the BBN bound and find excellent agreement. Furthermore, in the same
Appendix we compare the results between [104] and this work. We have extensively tested
both codes under numerous scenarios and find good agreement in the bounds, with a deviation
of at most ∼30% for masses below 200 MeV. A plausible explanation for this discrepancy is
that in [104] the contribution of HNLs to the total energy density of the Universe is neglected
during their decoupling. Another recent study in [146] presents BBN bounds for masses
150 MeV ≤ mN ≤ 450 MeV and mixing angles below the seesaw limit, i.e., when HNLs have
a very long lifetimes and possibly never enter thermal equilibrium. Their constraints are
therefore complementary to the results obtained in this work.
Lastly, we note that CMB measurements by Planck can also constrain HNLs, albeit weaker
than BBN for the mass and lifetime ranges of interest here. For masses below ∼20 MeV,
however, the CMB does provide stronger limits and has been previously used to probe light
sterile neutrinos (see e.g. [34]). We show our CMB bounds and compare them to the BBN
bounds in Appendix B.
5.4 Future Cosmological Constraints
The two main errors in the BBN analysis are the theoretical error in D/H|P and the observa-
tional error in YP. Future advancements in the determination of the primordial abundances
would involve improvements from both a theoretical and an observational perspective. As
mentioned in Subsection 5.1, a more accurate prediction of D/H|P will improve our bounds at
lower masses. For YP the situation is less clear. We attempt to obtain a quantitative picture
of the sensitivity of the bounds in Figure 8 by showing which lifetimes of a 775 MeV HNL
could be constrained when the joint theoretical and observational error in YP is altered. From
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Figure 8: Projected constraints at 95.4% CL on the lifetime of a 775 MeV HNL that mixes
with tau neutrinos only. The bounds are shown as a function of the fractional error in the
primordial helium abundance (joint theoretical and observational). The green dashed line
includes the meson effect from [104]. The stars indicate the current 1σ precision. These bounds
are obtained using τn = 880.2 s, η = 6.09× 10−10 and the central value of YP in Eq. (3.19).
Figure 7 it is clear that in order to close the remaining gap between BBN and SHiP, lifetimes
τN . 0.01 s must be probed. In Figure 8 we see that this would correspond to a per mille
accuracy in the determination of YP. We have explicitly checked that this is also the case when
the meson effect as described in [104] is included. Such precision with accurate determinations
of systematic errors seems unlikely to be attainable in the foreseeable future.
Finally, the next generation of CMB experiments, such as the Simons Observatory [148] and
CMB-S4 [149], aim to measure Neff down to percent-level precision. This would bring the
CMB bounds more in line to those from BBN for high HNL masses. For masses of a few
tens of MeV and lower it would improve upon the current CMB bounds from Planck (see
Appendix B) and become the strongest probe.
6 Conclusion
Big Bang Nucleosynthesis provides rigorous constraints on the lifetime and mixing angles
of Heavy Neutral Leptons that are complementary to those from terrestrial experiments
and therefore of great use when defining goals for future experiments. We have developed a
Boltzmann code, pyBBN, that simulates the BBN epoch in the presence of short-lived, thermally
decoupled HNLs with masses up to 1 GeV. We take into account all relevant HNL decay
channels, as well as subsequent interactions of decay products (thermalization and decay
showers), dilution due to QCD phase transition, SM neutrino oscillations and matter effects,
improved calculations of weak reaction rates and proper evolution of the baryon abundance
due to non-standard thermal history. Moreover, we marginalize over the baryon-to-photon
ratio to obtain pure BBN bounds and make use of the latest measurements of the primordial
helium and deuterium abundances [133]. We summarize the impact of HNLs on BBN in
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Section 2, lay out our methodology in Section 3, present the main results in Section 4 and
scrutinize the results in Section 5. Figures 6, 7 and 10 show the constraints obtained in this
work. We conclude that:
• HNLs affect BBN mainly by their decay into active neutrinos and mesons, which increases
the neutron-to-proton ratio and consequently the primordial helium abundance. While
the primordial deuterium abundance is also affected due to late reheating, the theoretical
error in its determination is currently too large to provide any constraining power.
• BBN is able to constrain HNLs with lifetimes down to 0.03− 0.05 s, depending on the
mixing pattern. The strongest bounds are seen in the tau-mixing case, followed by
muon-mixing and finally electron-mixing. This is a factor 2− 3 improvement compared
to the commonly used bound of 0.1 s. Where applicable, the inclusion of the meson
effect as described in the companion paper [104] further improves these bounds by a
factor ∼2 (see Figure 10).
• The combination of current bounds from collider, collider-based and neutrino experiments
together with BBN bounds excludes HNLs that mix with electron neutrinos up to a
mass of about 450 MeV and up to 360 MeV for muon neutrino mixing, in both cases
for lifetimes up to at least a few tens of seconds. For mixing with tau neutrinos no
such mass and lifetime ranges can be excluded, because currently there are only few
laboratory experiments that probe this part of parameter space and there is no overlap
with the BBN bounds.
• Upcoming and proposed experiments, such as SBN [135], DUNE [136], MATHUSLA [137]
and SHiP [138], will further probe the parameter space of HNLs and, together with
BBN, close down a significant part for HNL masses up to 1 GeV.
• Improved measurements of the primordial helium abundance will strengthen the current
bounds, while refined predictions of the primordial deuterium abundance will mainly
allow to further exclude HNLs in the lower mass regions.
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A Summary of BBN Bounds
Previous Bounds. In this section we compare our results with the previous bounds in the
literature on the lifetime of HNLs up to 100 MeV. For these masses, there are only four decay
channels (see Eq. (G.10)). We compare with [33, 34]. The study in [33] made a number of
assumptions to simplify their calculations: HNLs were assumed to be non-relativistic at all
times, Boltzmann distribution functions were used inside collision integrals and thermal-like
distributions in all other places, and neutrino spectral distortions and temperature distortions
were assumed to be relatively small. Since our approach is similar to the one in [34], we adapt
the same methodology for the evolution of the system in this comparison.
In what follows, we use for the neutron lifetime τn = 885.7 s and for the baryon-to-photon
ratio η = 6 × 10−10. Moreover, we apply the same exclusion condition as in [34] that is
based on the measured primordial helium abundance in [150]. Results are shown in Figure 9,
where mixing with only electron neutrinos is considered. We find good agreement between the
bounds obtained from pyBBN and those from [33, 34].
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Figure 9: Constraints from BBN on the lifetime of HNLs up to mass of 100 MeV. Mixing
with electron neutrinos only is assumed here. Dashed curve is from [34], dotted from [33].
Current Bounds. The bounds obtained in this work are presented in Figure 10 for the
mass range 3 MeV − 1 GeV. Note that the bounds on the lifetime in the range 10 − 100
MeV are the updated ones as compared to what is displayed in Figure 9. The constraints
on the mixing angles are shown for two degenerate Majorana HNLs. In the case of Dirac
HNLs, the bounds on |θ|2 in this figure should be multiplied by a factor of 2. In this same
figure we also show the constraints obtained in the companion paper [104]. Overall, we find an
excellent agreement at high masses and a good agreement for masses below 200 MeV, with a
maximum difference of ∼30% in all three mixing cases. See also Section 5.3 for a comment on
the approach used in [104] and the source of this deviation. Finally, the study [146] reports
BBN bounds for HNLs with masses 150 − 450 MeV below the seesaw limit, i.e., for very small
mixing angles and when they possibly never enter equilibrium during the Universe’s evolution.
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Figure 10: Bounds from BBN on the mixing angles (left panels) and lifetime (right panels)
of HNLs that mix purely with electron (top), muon (middle) and tau neutrinos (bottom).
The bounds on the mixing angles are for two degenerate Majorana HNLs. Solid lines are
the results of this work (at 2σ) and dashed lines are from [104] (using a correction to the
helium abundance of 2.5% for the sake of comparison, as their main results are obtained with
a different error on the helium abundance). The more transparent dashed lines are the bounds
from [104] without the meson effect included. The dotted lines roughly denote the boundaries
beyond which our assumptions are no longer valid (see Section 4.2 and [104] for more details).
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B Contraints from the CMB
Since HNLs can affect YP and Neff by their decay into neutrinos and charged leptons (see
Section 4.1), they can also be directly probed by the CMB. To this end we follow the same
approach as in [111] and introduce a Gaussian likelihood of the form
χ2CMB = [Θ−ΘObs]T Σ−1CMB [Θ−ΘObs] (B.1)
Θ = (Ωbh
2, Neff , YP) (B.2)
ΣCMB =
 σ21 σ1σ2ρ12 σ1σ3ρ13σ1σ2ρ12 σ22 σ2σ3ρ23
σ1σ3ρ13 σ2σ3ρ23 σ
2
3
 , (B.3)
where the parameters in the covariance matrix ΣCMB are obtained from [93, 151] and read
(Ωbh
2, Neff , YP)|Obs = (0.02225, 2.89, 0.246)
(σ1, σ2, σ3) = (0.00022, 0.31, 0.018) (B.4)
(ρ12, ρ13, ρ23) = (0.40, 0.18, −0.69) .
The CMB bound is obtained in a similar way as described in Section 3.2 and shown in Figure 11
for HNLs up to 100 MeV. With the current precision in the determination of the primordial
abundances and Neff , the CMB provides stronger bounds than BBN in the lower mass regions.
This is mainly because in this mass range Neff increases strongly [24]. For higher masses,
however, Neff decreases only marginally and the BBN bounds remain stronger, as the error in
measurements of YP by Planck (Eq. B.4) is currently larger than the one in Eq. 3.19. Note
that a similar lower/upper boundary exists for the mixing angles/lifetime as in Figure 10.
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Figure 11: Constraints from the CMB on the mixing angles (left) and lifetime (right) of
HNLs up to a mass of 100 MeV. Mixing with electron, muon or tau neutrinos only is assumed.
The BBN bounds in the right plot (solid lines) are included for comparison.
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C Temperature Evolution
In this appendix an explicit formula for the temperature evolution equation of the background
cosmology is derived. Consider a plasma consisting of four particle species representing the
different types of contents in the Universe. As an example of these four species, we consider
here photons γ (radiation in equilibrium), electrons e (massive particles in equilibrium), active
neutrinos ν (massless non-equilibrium) and HNLs N (massive non-equilibrium). The addition
of other species, e.g. muons, will then follow a similar procedure. In what follows, we will use
comoving coordinates: y = pa, T˜ = aT, E˜ = aE, where a is the scale factor and p, T, E are
the momentum, temperature and energy of a particle respectively. The total energy density
ρtot and total pressure ptot are given by
ρtot = ργ + ρe + ρν + ρN ptot = pγ + pe + pν + pN
ργ = gγ
pi2
30
1
a4
T˜ 4 pγ =
1
3ργ
ρe =
ge
2pi2
1
a4
∫
dyy2 E˜e
eE˜e/T˜+1
pe =
ge
6pi2
1
a4
∫
dy y
4
E˜e
1
eE˜e/T˜+1
ρν =
gν
2pi2
1
a4
∫
dyy3fν pν =
1
3ρν
ρN =
gN
2pi2
1
a4
∫
dyy2
√
y2 + a2m2NfN pN =
gN
6pi2
1
a4
∫
dy y
4
E˜N
fN ,
(C.1)
where fi is the distribution function and gi the number of internal degrees of freedom of a
particle. The energy conservation law reads
dρtot
d ln a
d ln a
dt
+ 3H (ρtot + ptot) = 0 −→ dρtot
d ln a
+ 3 (ρtot + ptot) = 0 , (C.2)
where H ≡ a˙/a is the Hubble parameter. The individual contributions are
dργ
d ln a
+ 3 (ργ + pγ) = 4
ργ
T˜
dT˜
d ln a
(C.3)
dρe
d ln a
+ 3 (ρe + pe) =
1
a4
[
−a
2m2e
T˜
R1 +
1
T˜ 2
{
R2 + a
2m2eR1
} dT˜
d ln a
]
(C.4)
dρν
d ln a
+ 3 (ρν + pν) =
gν
2pi2
1
a4
∫
dyy3
1
H
Iν (C.5)
dρN
d ln a
+ 3 (ρN + pN ) =
gN
2pi2
1
a4
∫
dyy2E˜N
1
H
IN , (C.6)
with
Rn =
ge
2pi2
∫
dyy2n
e
E˜e
T˜(
e
E˜e
T˜ + 1
)2 . (C.7)
Adding all these equations together and solving for the derivative of temperature results in
dT˜
d ln a
=
a2m2e
T˜
R1 − gν2pi2
∫
dyy3 1H Iν − gN2pi2
∫
dyy2E˜N
1
H IN
2pi2gγ
15 T˜
3 + 1
T˜ 2
R2 +
a2m2e
T˜ 2
R1
(C.8)
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Note that the terms containing a collision integral in the numerator of Eq. (C.8) describe the
energy injection rate of reactions. For particles involved in the same reaction, these terms
cancel out due to conservation of energy during each reaction. Indeed, the decay of a decoupled
particle into another decoupled particle should not heat up the system. When particles in
equilibrium are involved, the contributions of particles in initial and final state might not
cancel completely (since we do not include the collision integral for equilibrium species) and
hence those reactions will change the temperature of the plasma.
D Matrix Elements
In this appendix all the relevant tree-level matrix elements used in the BBN simulations are
summarized. Section D.1 contains the reactions involving SM particles only, Section D.2 the
reactions involving HNLs above QCD-scale and Section D.3 the reactions involving HNLs
below QCD-scale. The matrix elements listed here are not averaged over any helicities, the
symmetry factor S in the expressions below takes care of identical particles in the final state.
In this work, only HNL decay channels with a branching ratio larger than ∼1% for some mass
below ∼1 GeV are considered. If the HNL is a Dirac particle, then there is an additional set
of matrix elements involving the charge-conjugated channels. However, these are not relevant
for the BBN phenomenology considered here, as both the Dirac HNL and its anti-particle are
treated in the same way.
HNLs with high masses decay into mesons that in their turn can decay into other particles.
The explicit determination of SM matrix elements involving multiple mesons can be very
challenging. Therefore, an approximation has been made by assuming that such particles
decay isotropically, i.e., with a uniform probability in the whole phase space. The matrix
element, which is assumed to be constant, can then be obtained from the measured decay
width Γ (see e.g. [133]):
Γ =
1
2gM
∫ (∏
i
d3yi
(2pi)32Ei
)
|M|2(2pi)4δ4(P −
∑
i
Pi) . (D.1)
For two-body decays this method gives the exact matrix element. Throughout this appendix,
the following notations are used: α, β ∈ {e, µ, τ} with α 6= β, gR = sin2 θW, gL = 1/2 +
sin2 θW and g˜L = −1/2 + sin2 θW, with θW the Weinberg angle such that sin2 θW = 0.2312.
The values of the meson decay constants used in Section D.3 are from [107] and summarized
in Table 2.
Meson Decay Constants [MeV]
fpi fη fρ fω fη′
130.2 81.7 208.9 195.5 -94.7
Table 2: Meson decay constants.
The matrix elements are rigorously checked and compared with those in [34, 102, 152, 153].
We find that our expressions are consistent with [153], but differ from those in [34, 102, 152]
for the reactions νµ/τ + νµ/τ → e+ + e− and N + νµ/τ → e+ + e−.
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D.1 Matrix Elements in the SM
Four-particle reactions with leptons
Reaction (1 + 2→ 3 + 4) S SG2Fa−4 |M|2
να + νβ → να + νβ 1 32 (Y1 · Y2) (Y3 · Y4)
να + νβ → να + νβ 1 32 (Y1 · Y4) (Y2 · Y3)
να + να → να + να 12 64 (Y1 · Y2) (Y3 · Y4)
να + να → να + να 1 128 (Y1 · Y4) (Y2 · Y3)
να + να → νβ + νβ 1 32 (Y1 · Y4) (Y3 · Y2)
νe + νe → e+ + e− 1
128
[
g2L (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+gLgRa
2m2e (Y1 · Y2)
]
νe + e
− → νe + e− 1
128
[
g2L (Y1 · Y2) (Y3 · Y4) + g2R (Y1 · Y4) (Y3 · Y2)
−gLgRa2m2e (Y1 · Y3)
]
νe + e
+ → νe + e+ 1
128
[
g2L (Y1 · Y4) (Y3 · Y2) + g2R (Y1 · Y2) (Y3 · Y4)
−gLgRa2m2e (Y1 · Y3)
]
νµ/τ + νµ/τ → e+ + e− 1
128
[
g˜L
2 (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+g˜LgRa
2m2e (Y1 · Y2)
]
νµ/τ + e
− → νµ/τ + e− 1
128
[
g˜L
2 (Y1 · Y2) (Y3 · Y4) + g2R (Y1 · Y4) (Y3 · Y2)
−g˜LgRa2m2e (Y1 · Y3)
]
νµ/τ + e
+ → νµ/τ + e+ 1
128
[
g˜L
2 (Y1 · Y4) (Y3 · Y2) + g2R (Y1 · Y2) (Y3 · Y4)
−g˜LgRa2m2e (Y1 · Y3)
]
Table 3: Squared matrix elements for weak processes involving active neutrinos and elec-
trons/positrons.
Pion decays
Reaction (1→ 2 + 3) S |M|2
pi0 → γ + γ 1 α2emm4pi
[
2pi2f2pi
]−1
pi+ → µ+ + νµ 1 2G2F |Vud|2 f2pim4µ
[
m2pi
m2µ
− 1
]
Table 4: Squared matrix elements for pion decays.
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D.2 Matrix Elements for HNLs Above QCD-scale
Four-particle reactions with leptons only
Reaction (1 + 2→ 3 + 4) S SG−2F a−4 |M|2
N + νβ → να + νβ 1 32 |θα|2 (Y1 · Y2) (Y3 · Y4)
N + νβ → να + νβ 1 32 |θα|2 (Y1 · Y4) (Y2 · Y3)
N + να → να + να 12 64 |θα|2 (Y1 · Y2) (Y3 · Y4)
N + να → να + να 1 128 |θα|2 (Y1 · Y4) (Y2 · Y3)
N + να → νβ + νβ 1 32 |θα|2 (Y1 · Y4) (Y3 · Y2)
N + νe → e+ + e− 1
128 |θe|2
[
g2L (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+gLgRa
2m2e (Y1 · Y2)
]
N + e− → νe + e− 1
128 |θe|2
[
g2L (Y1 · Y2) (Y3 · Y4) + g2R (Y1 · Y4) (Y3 · Y2)
−gLgRa2m2e (Y1 · Y3)
]
N + e+ → νe + e+ 1
128 |θe|2
[
g2L (Y1 · Y4) (Y3 · Y2) + g2R (Y1 · Y2) (Y3 · Y4)
−gLgRa2m2e (Y1 · Y3)
]
N + νµ/τ → e+ + e− 1
128
∣∣θµ/τ ∣∣2 [g˜L2 (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+g˜LgRa
2m2e (Y1 · Y2)
]
N + e− → νµ/τ + e− 1
128
∣∣θµ/τ ∣∣2 [g˜L2 (Y1 · Y2) (Y3 · Y4) + g2R (Y1 · Y4) (Y3 · Y2)
−g˜LgRa2m2e (Y1 · Y3)
]
N + e+ → νµ/τ + e+ 1
128
∣∣θµ/τ ∣∣2 [g˜L2 (Y1 · Y4) (Y3 · Y2) + g2R (Y1 · Y2) (Y3 · Y4)
−g˜LgRa2m2e (Y1 · Y3)
]
N + νµ → e− + µ+ 1 128 |θe|2 (Y1 · Y4) (Y2 · Y3)
N + νe → e+ + µ− 1 128 |θµ|2 (Y1 · Y3) (Y2 · Y4)
N + e− → νe + µ− 1 128 |θµ|2 (Y1 · Y2) (Y3 · Y4)
N + e+ → νµ + µ+ 1 128 |θe|2 (Y1 · Y4) (Y3 · Y2)
N + νµ → µ+ + µ− 1
128 |θµ|2
[
g2L (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+gLgRa
2m2µ (Y1 · Y2)
]
N + νe/τ → µ+ + µ− 1
128
∣∣θe/τ ∣∣2 [g˜L2 (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+g˜LgRa
2m2µ (Y1 · Y2)
]
Table 5: Squared matrix elements for weak processes involving HNLs and leptons only.
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Four-particle decays into leptons
Reaction (1→ 2 + 3+ 4) S SG−2F a−4 |M|2
N → να + νβ + νβ 1 32 |θα|2 (Y1 · Y4) (Y2 · Y3)
N → να + να + να 12 64 |θα|2 (Y1 · Y4) (Y2 · Y3)
N → νe + e+ + e− 1
128 |θe|2
[
g2L (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+gLgRa
2m2e (Y1 · Y2)
]
N → νµ/τ + e+ + e− 1
128
∣∣θµ/τ ∣∣2 [g˜L2 (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+g˜LgRa
2m2e (Y1 · Y2)
]
N → νµ + e− + µ+ 1 128 |θe|2 (Y1 · Y4) (Y2 · Y3)
N → νe + e+ + µ− 1 128 |θµ|2 (Y1 · Y3) (Y2 · Y4)
N → νµ + µ+ + µ− 1
128 |θµ|2
[
g2L (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+gLgRa
2m2µ (Y1 · Y2)
]
N → νe/τ + µ+ + µ− 1
128
∣∣θe/τ ∣∣2 [g˜L2 (Y1 · Y3) (Y2 · Y4) + g2R (Y1 · Y4) (Y2 · Y3)
+g˜LgRa
2m2µ (Y1 · Y2)
]
Table 6: Squared matrix elements for HNL decays into leptons. Low temperatures are
assumed here. At high temperatures, reactions such as N + µ− → e− + νµ are possible. The
corresponding matrix elements can be trivially deduced from the ones given here.
Four-particle reactions with leptons and quarks
Reaction (1 + 2→ 3 + 4) S S |θα|−2G−2F a−4 |M|2
N + `+α → U +D 1 128 |Vud|2 (Y1 · Y4) (Y2 · Y3)
N +D → `−α + U 1 128 |Vud|2 (Y1 · Y2) (Y3 · Y4)
N + U → `−α +D 1 128 |Vud|2 (Y1 · Y4) (Y3 · Y2)
N + να → U + U 1
32
9
[
16g2R (Y1 · Y4) (Y2 · Y3) + (3− 4gR)2 (Y1 · Y3) (Y2 · Y4)
+4gR (4gR − 3) a2m2U (Y1 · Y2)
]
N + U → να + U 1
32
9
[
16g2R (Y1 · Y4) (Y2 · Y3) + (3− 4gR)2 (Y1 · Y2) (Y3 · Y4)
−4gR (4gR − 3) a2m2U (Y1 · Y3)
]
N + U → να + U 1
32
9
[
16g2R (Y1 · Y2) (Y3 · Y4) + (3− 4gR)2 (Y1 · Y4) (Y3 · Y2)
−4gR (4gR − 3) a2m2U (Y1 · Y3)
]
N + να → D +D 1
32
9
[
4g2R (Y1 · Y4) (Y2 · Y3) + (3− 2gR)2 (Y1 · Y3) (Y2 · Y4)
+2gR (2gR − 3) a2m2D (Y1 · Y2)
]
N +D → να +D 1
32
9
[
4g2R (Y1 · Y4) (Y2 · Y3) + (3− 2gR)2 (Y1 · Y2) (Y3 · Y4)
−2gR (2gR − 3) a2m2D (Y1 · Y3)
]
N +D → να +D 1
32
9
[
4g2R (Y1 · Y2) (Y3 · Y4) + (3− 2gR)2 (Y1 · Y4) (Y3 · Y2)
−2gR (2gR − 3) a2m2D (Y1 · Y3)
]
Table 7: Squared matrix elements for weak scattering processes involving HNLs, leptons and
quarks. U are up-type quarks, D down-type quarks.
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Four-particle decays into leptons and quarks
Reaction (1→ 2 + 3+ 4) S S |θα|−2G−2F a−4 |M|2
N → `−α + U +D 1 128 |Vud|2 (Y1 · Y4) (Y2 · Y3)
N → να + U + U 1
32
9
[
16g2R (Y1 · Y4) (Y2 · Y3) + (3− 4gR)2 (Y1 · Y3) (Y2 · Y4)
+4gR (4gR − 3) a2m2U (Y1 · Y2)
]
N → να +D +D 1
32
9
[
4g2R (Y1 · Y4) (Y2 · Y3) + (3− 2gR)2 (Y1 · Y3) (Y2 · Y4)
+2gR (2gR − 3) a2m2D (Y1 · Y2)
]
Table 8: Squared matrix elements for weak decay processes involving HNLs, leptons and
quarks. U are up-type quarks, D down-type quarks.
D.3 Matrix Elements for HNLs Below QCD-scale
In addition to interactions with leptons, HNLs will also decay into mesons.
Reaction (1→ 2 + 3) S SG−2F m−4N |M|2
N → να + pi0 1 |θα|2 f2pi
[
1− m2pi
m2N
]
N → `∓α + pi± 1 2 |θα|2 |Vud|2 f2pi
[(
1− m
2
`α
m2N
)2
− m2pi
m2N
(
1 +
m2`α
m2N
)]
N → να + η 1 |θα|2 f2η
[
1− m2η
m2N
]
N → να + ρ0 1 |θα|2
(
1− 2 sin2 θW
)2
f2ρ
[
1 + 2
m2ρ
m2N
] [
1− m2ρ
m2N
]
N → `∓α + ρ± 1 2 |θα|2 |Vud|2 f2ρ
[(
1− m
2
`α
m2N
)2
+
m2ρ
m2N
(
1 +
m2`α
m2N
)
− 2 m4ρ
m4N
]
N → να + ω 1 |θα|2
(
4
3 sin
2 θW
)2
f2ω
[
1 + 2m
2
ω
m2N
] [
1− m2ω
m2N
]
N → να + η′ 1 |θα|2 f2η′
[
1− m
2
η′
m2N
]
Table 9: Squared matrix elements for HNL decays into mesons.
E Collision Integrals
The collision integral in Eq. (3.15) is six- and nine-dimensional in the case of three- and
four-particle interactions respectively. Here we show a procedure based on [152, 154] to reduce
it to a lower-dimensional integral, such that it can be easily integrated in a numerical code.
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The full collision integral in comoving momenta (y = pa) reads:
Icoll =
a7−2γNW
2g1E˜1
∑
in,out
∫ ( γ∏
i=2
d3yi
(2pi)32E˜i
)
S|M|2F [f ](2pi)4δ4(Yin − Yout) , (E.1)
where E˜i = aEi is the comoving energy, Yi = aPi the comoving four-momentum and γ is the
number of particles participating in the reaction. The delta function can be rewritten as
δ4(Yin − Yout) = δ4(s1Y1 + s2Y2 + ...+ sγYγ) , (E.2)
with si = {−1, 1} if particle i is on the {left, right}-hand side of the reaction.
E.1 Three-Particle Collision Integral
Icoll =
a
2g1E˜1
∫
d3y2d
3y3
(2pi)62E˜22E˜3
S|M|2F [f ](2pi)4δ4(s1Y1 + s2Y2 + s3Y3) (E.3)
E.1.1 Case y1 6= 0
Since a homogeneous and isotropic universe is assumed, only absolute values of momenta are
relevant. Moreover, the matrix element in three-particle interactions is independent of the
four-momenta. The collision integral then becomes:
Icoll =
S|M|2a
8(2pi)2g1E˜1
∫
dy2dy3dΩ2dΩ3y
2
2y
2
3
E˜2E˜3
F [f ]δ4(s1Y1 + s2Y2 + s3Y3) . (E.4)
Using the identity
δ3(s1y1 + s2y2 + s3y3) =
1
(2pi)3
∫
dλdΩλλ
2ei(s1y1+s2y2+s3y3)·λ , (E.5)
where yi is the 3-momentum vector of particle i, gives
Icoll =
S|M|2a
8(2pi)5gE˜1
∫
dy2dy3y
2
2y
2
3
E˜2E˜3
F [f ]δ(s1E˜1 + s2E˜2 + s3E˜3) ·
·
∫
dλλ2
∫
dΩλe
is1y1λ cos θλ
∫
dΩ2e
is1y2λ cos θ2
∫
dΩ3e
is1y3λ cos θ3
=
S|M|2a
8(2pi)5gE˜1
∫
dy2dy3y
2
2y
2
3
E˜2E˜3
F [f ]δ(s1E˜1 + s2E˜2 + s3E˜3) ·
·
∫
dλλ2
(
4pi
sin(y1λ)
y1λ
)(
4pi
sin(y2λ)
y2λ
)(
4pi
sin(y3λ)
y3λ
)
=
S|M|2a
(2pi)2gE˜1y1
∫
dy2dy3y2y3
E˜2E˜3
F [f ]δ(s1E˜1 + s2E˜2 + s3E˜3) ·
·
∫
dλ
λ
sin(y1λ) sin(y2λ) sin(y3λ) . (E.6)
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The delta function of energies can be rewritten as:∫
dy3y3
E˜3
δ(s1E˜1 + s2E˜2 + s3E˜3) =
∫
dy3
y3
E˜3
δ (y3 − y∗3)
y∗3/E˜∗3
θ
((
s1E˜1 + s2E˜2
)2 − a2m23)
=
∫
dy3
y3
E˜3
E˜∗3
y∗3
δ(y3 − y∗3) θ
((
E˜∗3
)2 − a2m23) , (E.7)
where
(
E˜∗3
)2
= (y∗3)
2 + a2m23 =
(
s1E˜1 + s2E˜2
)2
and y∗3 =
√
(s1E˜1 + s2E˜2)2 − a2m23.
Plugging Eq. (E.7) in Eq. (E.6) gives:
Icoll =
S|M|2a
(2pi)2g1E˜1y1
∫
dy2y2
E˜2
F [f ]
∫
dλ
λ
sin(y1λ) sin(y2λ) sin(y
∗
3λ)θ
((
E˜∗3
)2 − a2m23) (E.8)
Now, the integral over λ is equal to:
X = pi
8
(−Sgn[y1 − y2 − y∗3] + Sgn[y1 + y2 − y∗3] + Sgn[y1 − y2 + y∗3]− 1) , (E.9)
with Sgn the signum function and where y1 ≥ y2 ≥ y3 is assumed. The final form is then:
Icoll =
S|M|2a
(2pi)2g1E˜1y1
∫
dy2y2
E˜2
X θ
((
s1E˜1 + s2E˜2
)2 − a2m23) (F [f ]) ∣∣∣∣
y3=y∗3
(E.10)
E.1.2 Case y1 = 0
Icoll =
S|M|2a
8(2pi)2g1am1
∫
d3y2d
3y3
E˜2E˜3
F [f ]δ
(
s1am1 + s2E˜2 + s3E˜3
)
δ3 (s2y2 + s3y3)
=
S|M|2
8(2pi)2gm1
∫
d3y2F [f ]δ
(
s1am1 + s2
√
y22 + (am2)
2 + s3
√
y22 + (am3)
2
)
·
·
(√
y22 + (am2)
2
√
y22 + (am3)
2
)−1
=
S|M|2
8pigm1
∫
dy2y
2
2F [f ]δ (y2 − y∗2)
∣∣∣∣∣ s2y∗2√(y∗2)2 + a2m22 + s3y
∗
2√
(y∗2)2 + a2m23
∣∣∣∣∣
−1
·
·
(√
y22 + (am2)
2
√
y22 + (am3)
2
)−1
θ
((
s1am1 + s2E˜2
)2 − a2m23)
=
S|M|2
8pigm1
y∗2
∣∣∣∣s2√(y∗2)2 + (am3)2 + s3√(y∗2)2 + (am2)2∣∣∣∣−1 θ((E˜∗3)2 − a2m23) ·
· (F [f ])
∣∣∣∣
y1=0, y2=y∗2 , y3=−y∗2
=
S|M|2
8pigm1
y∗2 |s1s2s3am1|−1 θ
((
E˜∗3
)2 − a2m23) (F [f ]) ∣∣∣∣
y1=0, y2=y∗2 , y3=−y∗2
=
S|M|2
8pigm21
y∗2
a
θ
((
E˜∗3
)2 − a2m23) (F [f ]) ∣∣∣∣
y1=0, y2=y∗2 , y3=−y∗2
, (E.11)
with
(
E˜∗3
)2
=
(
s1am1 + s2E˜2
)2
and y∗2 = a
√
(m21−m22−m23)
2−4m22m23
4m21
.
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E.2 Four-Particle Collision Integral
Icoll =
NW
2g1aE˜1
∫
d3y2d
3y3dy
3
4
(2pi)98E˜2E˜3E˜4
S|M|2F [f ](2pi)4δ4(s1Y1 + s2Y2 + s3Y3 + s4Y4) (E.12)
As can be seen in Appendix D, |M|2 has the following form:
|M|2 = 1
a4
∑
i 6=j 6=k 6=l
[
K1(Yi · Yj)(Yk · Yl) +K2a2mimj(Yk · Yl)
]
, (E.13)
with K1 and K2 reaction-specific constants. A similar procedure as with the three-particle
case is followed here.
E.2.1 Case y1 6= 0
Icoll =
SNW
16(2pi)5g1E˜1a
∫
dy2dy3dy4y
2
2y
2
3y
2
4
E˜2E˜3E˜4
F [f ]δ
(
s1E˜1 + s2E˜2 + s3E˜3 + s4E˜4
)
·
·
∫
dΩ2dΩ3dΩ4 |M|2 |δ3 (s1y1 + s2y2 + s3y3 + s4y4)
=
SNW
64pi3g1E˜1y1a5
∫
dy2dy3dy4y2y3y4
E˜2E˜3E˜4
F [f ]δ
(
s1E˜1 + s2E˜2 + s3E˜3s4E˜4
)
·
· D(Y1, Y2, Y3, Y4) , (E.14)
with
D(Y1, Y2, Y3, Y4) = y1y2y3y4
64pi5
∫
dΩ2dΩ3dΩ4 |M|2 |δ3 (s1y1 + s2y2 + s3y3 + s4y4)
=
y1y2y3y4
64pi5
∫
dλλ2
∫
dΩλe
is1y1·λ
∫
dΩ2e
is2y2·λ
∫
dΩ3e
is3y3·λ ·
·
∫
dΩ4e
is4y4·λ
∑
i 6=j 6=k 6=l
[
K1(Yi · Yj)(Yk · Yl) +K2a2mimj(Yk · Yl)
]
=
y1y2y3y4
64pi5
∑
i 6=j 6=k 6=l
∫
dλλ2
∫
dΩλe
isiyiλ cos θi
∫
dΩje
isjyjλ cos θj ·
·
∫
dΩke
iskykλ cos θk
∫
dΩle
islylλ cos θl [K1(Yi · Yj)(Yk · Yl) +
+ K2a
2mimj(Yk · Yl)
]
. (E.15)
The inner products can be worked out:
Yi · Yj = E˜iE˜j − yi · yj = E˜iE˜j − yiyj cos θij
= E˜iE˜j − yiyj (cos θi cos θj + cos(φi − φj) sin θi sin θj) , (E.16)
where θij is the angle between vectors yi and yj. Next, using the identity∫ pi
0
∫ 2pi
0
dθidφie
isiyiλ cos θi sin2 θi cos(φi − φj) = 0 (E.17)
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gives
D(Y1, Y2, Y3, Y4) = y1y2y3y4
64pi5
∑
i 6=j 6=k 6=l
∫
dλλ2
∫
dθidφi sin θie
isiyiλ cos θi · (E.18)
·
∫
dθjdφj sin θje
isjyjλ cos θj
∫
dθkdφk sin θke
iskykλ cos θk ·
·
∫
dθldφl sin θle
islylλ cos θl
[
K1
(
E˜iE˜j − yiyj cos θi cos θj
)
·
·
(
E˜kE˜l − ykyl cos θk cos θl
)
+K2a
2mimj
(
E˜kE˜l − ykyl cos θk cos θl
)]
.
The integrals over the angles can be evaluated:∫ pi
0
∫ 2pi
0
dθdφ sin θeisyλ cos θ = 4pi
sin(yλ)
yλ
(E.19)∫ pi
0
∫ 2pi
0
dθdφ sin θ cos θeisyλ cos θ =
4pi
isyλ
[
cos(yλ)− sin(yλ)
yλ
]
. (E.20)
Working out all the brackets gives:
D(Y1, Y2, Y3, Y4) =
∑
i 6=j 6=k 6=l
[
K1
{
E˜1E˜2E˜3E˜4D1 (y1, y2, y3, y4) + E˜iE˜jD2 (yi, yj , yk, yl) +
+ E˜kE˜lD2 (yk, yl, yi, yj) +D3 (y1, y2, y3, y4)
}
+
+ K2a
2mimj
{
E˜kE˜lD1 (y1, y2, y3, y4) +D2 (yi, yj , yk, yl)
}]
, (E.21)
with
D1 (yi, yj , yk, yl) =
4
pi
∫
dλ
λ2
sin(yiλ) sin(yjλ) sin(ykλ) sin(ylλ) , (E.22)
D2 (yi, yj , yk, yl) = sksl
4ykyl
pi
∫
dλ
λ2
sin(yiλ) sin(yjλ)
[
cos(ykλ)− sin(ykλ)
ykλ
]
·
·
[
cos(ylλ)− sin(ylλ)
ylλ
]
, (E.23)
D3 (yi, yj , yk, yl) = sisjsksl
4yiyjykyl
pi
∫
dλ
λ2
[
cos(yiλ)− sin(yiλ)
yiλ
] [
cos(yjλ)− sin(yjλ)
yjλ
]
·
·
[
cos(ykλ)− sin(ykλ)
ykλ
] [
cos(ylλ)− sin(ylλ)
ylλ
]
. (E.24)
All these three functions are symmetric under the exchange yi ↔ yj and yk ↔ yl, which
then allows us to take yi > yj and yk > yl. Integrating out λ gives the functions in terms
of polynomials for all possible values of momenta (factors sksl and sisjsksl are omitted for
convenience):
• yi > yj + yk + yl or yk > yi + yj + yl:
D1 = D2 = D3 = 0 (E.25)
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• yi + yj > yk + yl and yi + yl < yj + yk:
D1 = yl
D2 =
1
3
y3l (E.26)
D3 =
1
30
y3l
[
5
(
y2i + y
2
j + y
2
k
)− y2l ]
• yi + yj > yk + yl and yi + yl > yj + yk:
D1 =
1
2
(yj + yk + yl − yi)
D2 =
1
12
[
(yi − yj)
{
(yi − yj)2 − 3
(
y2k + y
2
l
)}
+ 2
(
y3k + y
3
l
)]
(E.27)
D3 =
1
60
[
y5i − y5j − y5k − y5l + 5
(−y3i y2j + y2i y3j − y3i y2k + y2i y3k
− y3i y2l + y2i y3l + y3j y2k + y2j y3k + y3j y2l + y2j y3l + y3ky2l + y2ky3l
)]
• yi + yj < yk + yl and yi + yl > yj + yk:
D1 = yj
D2 =
1
6
yj
[
3
(
y2k + y
2
l − y2i
)− y2j ] (E.28)
D3 =
1
30
y3j
[
5
(
y2i + y
2
k + y
2
l
)− y2j ]
• yi + yj < yk + yl and yi + yl < yj + yk:
D1 =
1
2
(yi + yj + yl − yk)
D2 = − 1
12
[
(yi + yj)
{
(yi + yj)
2 − 3 (y2k + y2l )}+ 2 (y3k − y3l )] (E.29)
D3 =
1
60
[
y5k − y5i − y5j − y5l + 5
(−y3ky2l + y2ky3l − y3ky2i + y2ky3i
− y3ky2j + y2ky3j + y3l y2i + y2l y3i + y3l y2j + y2l y3j + y3i y2j + y2i y3j
)]
Going back to the collision integral, the same trick as before can be applied to the delta
function of energies, which eventually gives:
Icoll =
SNW
64pi3g1E˜1y1a5
∫
dy2dy3
y2y3
E˜2E˜3
D(Y1, Y2, Y3, Y4) ·
· θ
((
(s1E˜1 + s2E˜2 + s3E˜3
)2 − a2m24) (F [f ]) ∣∣∣∣
y4=y∗4
, (E.30)
with y∗4 =
√(
s1E˜1 + s2E˜2 + s3E˜3
)2 − a2m24 .
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E.2.2 Case y1 = 0
Icoll =
SNW
64pi3g1am1
1
a5
∫
dy2dy3dy4y2y3y4
E˜2E˜3E˜4
F [f ]δ
(
s1am1 + s2E˜2 + s3E˜3 + s4E˜4
)
·
· B(Y1, Y2, Y3, Y4) , (E.31)
with
B(Y1, Y2, Y3, Y4) = y2y3y4
64pi5
∫
dΩ2dΩ3dΩ4 |M|2 |δ3 (s2y2 + s3y3 + s4y4)
=
y2y3y4
64pi5
∫
dλλ2dΩλ
∫
dθ2dφ2 sin θ2e
is2y2λ cos θ2 ·
·
∫
dθ3dφ3 sin θ3e
is3y3λ cos θ3
∫
dθ4dφ4 sin θ4e
is4y4λ cos θ4 ·
·
∑
i 6=j 6=k 6=l
[
K1
(
E˜iE˜j − yiyj cos θi cos θj
)
·
(
E˜kE˜l − ykyl cos θk cos θl
)
+
+K2 a
2mimj
(
E˜kE˜l − ykyl cos θk cos θl
)]
(E.32)
Consider the case i = 1 in one of the terms of |M|2. Then the B-function can be written as:
Bi=1(Y1, Y2, Y3, Y4) = y2y3y4
64pi5
4pi
∫
dλλ2
∑
j 6=k 6=l
∫
dθjdφj sin θje
isjyjλ cos θj ·
·
∫
dθkdφk sin θke
iskykλ cos θk
∫
dθldφl sin θle
islylλ cos θl ·
·
[
K1am1E˜j ·
(
E˜kE˜l − ykyl cos θk cos θl
)
+
+K2 a
2m1mj
(
E˜kE˜l − ykyl cos θk cos θl
)]
= K1am1
∑
j 6=k 6=l
[
E˜jE˜kE˜lB1 (yj , yk, yl) + E˜jB2 (yj , yk, yl)
]
+
+K2am1
∑
j 6=k 6=l
amj
[
E˜kE˜lB1 (yj , yk, yl) +B2 (yj , yk, yl)
]
, (E.33)
with B1 (yj , yk, yl) given by Eq. (E.9) and
B2 (yj , yk, yl) = sksl
4ykyl
pi
∫
dλ
λ
sin(yjλ)
[
cos(ykλ)− sin(ykλ)
ykλ
] [
cos(ylλ)− sin(ylλ)
ylλ
]
=
{
1
2
[
y2k + y
2
l − y2j
]
, yj + yk ≥ yl & yj + yl ≥ yk & yk + yl ≥ yj
0, otherwise
. (E.34)
This procedure is repeated for all the other terms in |M|2. If j = 1, the result is obtained by
i↔ j. Note that if k = 1 or l = 1, there is no B2-term in the part with K2. Finally:
Icoll =
SNW
64pi3g1m1a6
∫
dy2dy3
y2y3
E˜2E˜3
B(Y1, Y2, Y3, Y4) ·
· θ
((
(s1am1 + s2E˜2 + s3E˜3
)2 − a2m24) (F [f ]) ∣∣∣∣
y4=y∗4
, (E.35)
with y∗4 =
√(
s1am1 + s2E˜2 + s3E˜3
)2 − a2m24 .
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F Neutron-Proton Conversion Rates
Here we list the rates of the neutron-proton conversion reactions as used in pyBBN. Moreover,
we include a number of relevant corrections to these rates due to finite nucleon size and
Coulomb interactions. The relevant conversion reactions are
n+ νe ↔ p+ e− (F.1)
n+ e+ ↔ p+ νe (F.2)
n↔ p+ e− + νe , (F.3)
for which the corresponding averaged squared matrix element is given by:
|M|2 = 16G2F|Vud|2
[
(1 + gA)
2(Pe · Pp)(Pν · Pn) + (1− gA)2(Pe · Pn)(Pν · Pp)
+ (g2A − 1)mnmp(Pe · Pν)
]
, (F.4)
with Vud the CKM-matrix element, gA the axial vector coupling constant and Pi the momentum
4-vector of particle i. Note that for the backward reaction in (F.1) and the forward reaction
in (F.2) there is an additional multiplicative factor of 12 which, however, cancels with the
spin degrees of freedom in the rates. The differential cross-section for a reaction of the form
A+B → C +D can be obtained by:
dσ
dED
=
dσ
dt
dt
dED
=
|M|2
64pis
(
pCMB
)2 dtdED , (F.5)
where s and t are the Lorentz-invariant Mandelstam variables and pCMB is the momentum of
particle B in the center-of-mass frame. This equation only holds when particle A is at rest
(this would correspond to the neutron or proton). The lower and upper integration bounds
are:
ED|maxmin =
1
2mA
[(
m2A −m2B −m2C +m2D
2
√
s
)2
− (pCMB ∓ pCMD )2 +m2A −m2C + 2mAEB
]
.
(F.6)
The bare rates for the forward and backward reactions (F.1) – (F.3) used in pyBBN are
summarized below. In what follows, fν and fe are the neutrino and electron/positron
distribution functions respectively.
• n→ pe−νe
Γ =
1
(4pi)3mn
∫
|M|2(1− fν)(1− fe)dEedEν (F.7)
Emine = me (F.8)
Emaxe =
m2n −m2p +m2e
2mn
(F.9)
Eminν =
1
2(m
2
n −m2p +m2e)−mnEe
mn − Ee +
√
E2e −m2e
(F.10)
Emaxν =
1
2(m
2
n −m2p +m2e)−mnEe
mn − Ee −
√
E2e −m2e
(F.11)
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• pe−νe→ n
This rate is highly suppressed compared to the rates of the other reactions [155].
Therefore, for convenience, we make use of the infinite-mass approximation to simplify
the computation.
Γ =
G2F|Vud|2(1 + 3g2A)
(2pi)3pi
∫
Ee
√
E2e −m2efνfed3pν (F.12)
Ee = mn −mp − pν (F.13)
pminν = 0 (F.14)
pmaxν = mn −mp −me (F.15)
• nνe→ pe−
Γ =
1
(2pi)3
∫
dσ
dEe
fν(1− fe)dEed3pν (F.16)
pminν = 0 (F.17)
pmaxν =∞ (F.18)
• pe−→ nνe
Γ =
1
(2pi)3
∫
dσ
dEν
√
1−
(
me
Ee
)2
fe(1− fν)dEνd3pe (F.19)
pmine =
√(
m2n −m2p −m2e
2mp
)2
−m2e (F.20)
pmaxe =∞ (F.21)
• ne+→ pνe
Γ =
1
(2pi)3
∫
dσ
dEν
√
1−
(
me
Ee
)2
fe(1− fν)dEνd3pe (F.22)
pmine = 0 (F.23)
pmaxe =∞ (F.24)
• pνe→ ne+
Γ =
1
(2pi)3
∫
dσ
dEe
fν(1− fe)dEed3pν (F.25)
pminν =
(mn +me)
2 −m2p
2mp
(F.26)
pmaxν =∞ (F.27)
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F.1 Corrections to Conversion Rates
The bare rates already account for the finite mass of the nucleons. We include finite-size
nucleon corrections and Coulomb corrections in our analysis as we find that these could
change the primordial helium abundance significantly. Other corrections, such as zero- and
finite-temperature radiative corrections, are usually derived in the literature under the basic
assumptions of point-like and infinite-mass nucleons, which makes their validity questionable
in this case. Even regardless of this, they provide only minor, sub-percent corrections to
the primordial abundances [110, 155–158]. Since our analysis is nearly insensitive to such
corrections, we approximate their contribution by multiplying all rates with τnΓ ≈ 1.05, where
τn = 880.2 s and Γ is given in (F.7).
F.1.1 Nucleon Electromagnetic Form Factors
The approximation of treating neutrons and protons as point-like particles becomes no longer
valid once they scatter with particles of energies close to their mass. Indeed, HNLs with a
high mass decay into neutrinos with energies Eν ∼ mN/2 ∼ O(mp), which means that such
neutrinos can probe the internal structure of the nucleons. The charge distribution is encoded
in the nucleon electromagnetic form factors, which alter the cross-sections for the reactions
n + νe → p + e− and p + νe → n + e+ (see e.g. [159]). We follow a similar procedure as
in [159–162], where the nucleon current is given by:
Jµnp = Vudup(k
′)
[
γµ
(
F V1 (Q
2)− γ5FA(Q2))+ i
2mp
σµνqν
(
F V2 (Q
2)− γ5F T (Q2))
+
qµ
mp
(
FS(Q2)− γ5FP (Q2)) ]un(k) , (F.28)
with σµν = −i [γµ, γν ] /4 and Q2 = −q2 = −(Pn − Pp)2 = −(Pνe − Pe)2. The form factors in
the dipole approximation read:
FS = F T = 0 (F.29)
FA(Q2) =
gA(
1 + Q
2
m2A
)2 (F.30)
FP (Q2) =
2m2p
q2 +m2pi
FA(Q2) (F.31)
F V1 (Q
2) =
1 + µn
aτ
1+bτ + τ (µp − µn)
1 + τ
(
1 +
Q2
m2V
)−2
(F.32)
F V2 (Q
2) =
µp − µn − 1− µn aτ1+bτ
1 + τ
(
1 +
Q2
m2V
)−2
, (F.33)
with τ = Q
2
4m2p
, gA = 1.27, µn = −1.913 and µp = 2.793 the neutron and proton magnetic
moments respectively, mA = 1.026 GeV, mV = 0.843 GeV, mpi = 0.13957 GeV, a = 0.942 and
b = 4.61. Note that the proton and neutron masses are not distinguished here, which means
that this approximation becomes invalid at low energies, when Eν ∼ mn −mp [163]. The
– 51 –
differential cross-sections are then obtained by [159–162]:
dσ
dQ2
=
m2pG
2
F|Vud|2
8piE2ν
[
X(Q2)± s− u
m2p
Y (q2) +
(s− u)2
m4p
Z(Q2)
]
(F.34)
X(Q2) =
m2e +Q
2
m2p
[
(1 + τ)F 2A − (1− τ)(F V1 )2 + τ(1− τ)(F V2 )2 + 4τF V1 F V2
− m
2
e
4m2p
{
(F V1 + F
V
2 )
2 + (FA + 2FP )2 −
(
Q2
m2p
+ 4
)
(FP )2
}]
(F.35)
Y (Q2) =
Q2
m2p
FA(F V1 + F
V
2 ) (F.36)
Z(Q2) =
1
4
(
(FA)2 + (F V1 )
2 + τ(F V2 )
2
)
, (F.37)
where in (F.34) the ‘+’ sign holds for n+ νe → p+ e− and the ‘-’ sign for p+ νe → n+ e+.
The total cross-section reads:
σ =
Q2max∫
Q2min
dQ2
dσ
dQ2
(1− fe) , (F.38)
with integration bounds
Q2min =
2E2νmp −m2emp − Eνm2e − Eν
(
(s−m2e)2 − 2(s+m2e)m2p +m4p
)1/2
2Eν +mp
(F.39)
Q2min =
2E2νmp −m2emp − Eνm2e + Eν
(
(s−m2e)2 − 2(s+m2e)m2p +m4p
)1/2
2Eν +mp
. (F.40)
In summary, for the reactions n+ νe → p+ e− and p+ νe → n+ e+ we use the cross-sections
as described at the beginning of this appendix in the low-energy limit (see Eq. (F.5)) and
replace them by the ones above in the high-energy limit. The threshold between the two
regimes is chosen as pν = 20 MeV, as we find that this is when the cross-sections in the two
regimes overlap with each other.
F.1.2 Coulomb Corrections
The Coulomb correction is applied by multiplying the integrands of the rates for the reactions
n+ νe ↔ p+ e− and n↔ p+ e− + νe by the non-relativistic Fermi factor [156]:
C =
2piα/β
1− e−2piα/β , (F.41)
where α is the fine-structure constant and β =
√
1−m2e/E2e the electron velocity. We note
that we resort to this form of the Coulomb correction as opposed to its relativistic counterpart,
as our analysis is insensitive to the difference between the two approaches [110, 164].
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G Numerical Methods
In this appendix we give a short overview of the Boltzmann code and the numerical schemes
utilized to simulate BBN in the presence of HNLs. A more comprehensive user guide will be
available on the GitHub page4.
G.1 pyBBN: Boltzmann Code for BBN with HNLs
The main framework of pyBBN is written in Python. Since the computation of collision integrals
is a very time consuming process, this part is done in C++. The Boltzmann code is able to
simulate BBN in the presence of HNLs at the level of 10−3− 10−2, starting from temperatures
of several GeV down to temperatures below keV. While the current version only accommodates
for HNLs, it is generally possible to extend it to include other BSM particles. As explained
in Section 3, since the baryon-to-photon ratio is very small, this allows us to separate the
system in a part involving nuclear physics only and a background cosmology. The nuclear
reaction network computations are done in the modified KAWANO code [34, 116]. The Boltzmann
equation in real space has a term that is proportional to ∂f/∂p (see Eq. (3.14)) and is rather
difficult to deal with. Therefore, pyBBN is written in comoving coordinates, which makes
this term vanish and allows for an easier way to solve the Boltzmann equation. In comoving
coordinates, the following rules apply: p→ y = pa, m→ ma and E → aE for the momentum,
mass and energy respectively.
G.1.1 General Structure
Each simulation is divided in two steps:
1. The background cosmology and the rates of the reactions
n+ e+ ↔ p+ νe, n+ νe ↔ p+ e−, n↔ p+ e− + νe , (G.1)
are computed in pyBBN. This involves solving the system of equations for the evolution
of temperature, scale factor and distribution functions of decoupled species like active
neutrinos, HNLs and unstable HNL decay products (see Section 3.1).
2. The relevant cosmological quantities together with the aforementioned rates are tabulated
and passed on to the modified KAWANO code, that takes care of the nuclear physics part
of the simulation and outputs the light element abundances. We note that the modified
KAWANO code used in this work is slightly updated with respect to the one used in [34],
in that the code now automatically accounts for non-standard thermal histories by
adjusting the initial baryon-to-photon ratio at the start of simulation, such that the
final baryon-to-photon ratio is equal to η ≈ 6.09× 10−10 [93].
G.1.2 The 5-step Computational Scheme
Each simulation step in pyBBN consists of five parts:
1. The current regime of each particle is determined (in-equilibrium or decoupled) and its
parameter set is updated with the latest cosmological and thermodynamical variables,
such as temperature, number density, energy density and pressure.
2. The interactions for decoupled species are initialized and the relevant collision integrals
are determined.
4https://github.com/ckald/pyBBN
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3. The collision integrals are computed. Neutrino oscillations – if enabled – are taken into
account by mixing the collision integrals (see Eq. (3.18)).
4. The Boltzmann equations are integrated and distribution functions are updated.
5. The temperature evolution equation is evaluated and integrated to update the latest
cosmological quantities of the Universe at the end of the time step.
G.1.3 Approximation Schemes
Here we mention some of the approximations implemented in the code that simplify the
treatment of certain particles and improve the agility of the code. More details can be found
in the user guide.
Decoupling Temperatures. To properly account for particle decoupling, we define the
decoupling temperature in the code as the temperature at which the particle is guaranteed
to be in equilibrium and start to compute the kinetic equations from that point onward.
Naturally, this decoupling temperature is chosen as close to the real decoupling temperature
as possible. Photons and electrons are always treated as equilibrium particles.
• HNLs. The decoupling temperature in the ultra-relativistic limit Trel can be obtained
from the relation H = ΓN = |θ|2G2FT 5. If this temperature is higher than the HNL
mass mN by a certain threshold, then it is taken as the HNL decoupling temperature.
A similar reasoning is used in the case the ultra-relativistic decoupling temperature
is smaller than the HNL mass. Between these two regimes, we also implement an
intermediate regime. We find that a prefactor of 1.5 works well enough for defining the
threshold between the regimes. In summary, we use the following scheme:
Tdec =

1.5 · Trel if 1.5 ·mN < 1.5 · Trel
1.5 ·mN if mN ≤ 1.5 · Trel ≤ 1.5 ·mN
mN if 1.5 · Trel < mN
. (G.2)
In principle, there is no harm in overestimating the decoupling temperature, as the
Boltzmann equation keeps the particle in equilibrium when it should be. This temperature
is also taken as the initial temperature of the simulation.
• Active neutrinos. The decoupling temperature of active neutrinos in SBBN is the-
oretically estimated to be around 2 MeV [165]. In the code the default decoupling
temperature is set equal to 5 MeV, in order to properly account for spectral distortions
induced by HNL decays that can influence the decoupling process. We have checked
that setting it equal to 10 MeV does not change the results.
• Unstable HNL decay products. The unstable HNL decay products considered in
this work are muons, pions, η-, ρ- and ω-mesons. Muons and pions are treated as
equilibrium particles down to temperatures around the neutrino decoupling temperature.
After that, their distribution functions is set equal to zero. The distributions of the
other mesons are set to zero right after QCD transition and their Boltzmann equation is
solved close to neutrino decoupling. Thus, the assumption is made that around neutrino
decoupling any muons and mesons present in the system originate from HNL decays.
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Momentum-space discretization. The code uses evenly-spaced grids in comoving mo-
mentum space that have only 2 adjustable parameters: maximum momentum and number
of samples. We have found that a default grid with 400 samples up to 100 MeV is enough
for convergence of the primordial abundances in SBBN. In simulations involving HNLs, the
maximum momentum of the grids of HNL decay products is defined by the HNL mass and the
maximum scale factor at which energy injections are expected. The latter we arbitrarily set
to amax = 6, corresponding roughly to T ≈ 0.5 MeV (HNLs still present at these temperatures
are definitely excluded). Hence, the maximum comoving momentum of the grids is estimated
as ymax = amaxmN . The grid of HNLs themselves is cut off when their equilibrium distribution
function drops below 10−100 and has a resolution of 0.67 MeV/sample.
The resolution of the grid of an HNL decay product depends on the type of particle and
interactions it is involved in. In general, four-particle reactions require a resolution around
0.25 MeV/sample. On the other hand, the collision integral of a two-body decay is sharply
peaked and requires a momentum grid of much higher resolution in order to be resolved. A
full list of grid parameters is provided in the user guide.
Grid cut-offs. We optimize the numerical integration by adjusting the integration region,
e.g., by excluding kinematically forbidden combinations of particle momenta.
Interpolation of collision integrals. A particle that participates in three-particle reactions
is required to have a grid with high resolution. If the same particle also participates in four-
particle reactions, then using the same grid points would be computationally expensive, since
four-particle reactions require a lower grid resolution. To this end, an interpolation mechanism
is implemented that takes a subset of the grid with a resolution of ∼0.25 MeV/sample
and computes the four-particle collision integral only for this subset. Then it uses linear
interpolation to obtain the collision integral for all other points of the original grid.
Unstable HNL decay products. Sterile neutrinos of high masses decay into short-lived
particles – e.g., the muon lifetime is ∼10−6 s. Such timescales are orders of magnitude smaller
than any practical computational time step for a simulation spanning ∼106 s. It means that for
such particles a different approach must be utilized. HNLs with masses mN < mµ will decay
into stable particles. HNLs with higher masses will have decay products that are unstable.
Some of these unstable decay products will interact with the plasma before they decay. The
analysis here will be done for muons, but can be applied to charged pions as well. There are
three important things to consider:
1. µ is created from an HNL decay.
The distribution function of these muons is a non-thermal distribution fnoneq.
2. µ thermalizes.
The muon-photon scattering rate is higher than the muon decay rate: Γγµ ∼ α2mµEγ T 3γ ∼
10−9 MeV vs. Γµ,decay ∼ 10−16 MeV. Therefore, they will first thermalize and transfer
excess energy to the electromagnetic sector of the plasma. After thermalization, the
muons will share the same temperature as the equilibrium plasma and will have a
thermal distribution fthermal = e−
mµ−ξ
T e
− p2
2mµT , where ξ is a chemical potential and is
determined by the condition that the number density before and after thermalization
must be equal. The collision term corresponding to this process is then estimated as:
Ithermalization ≈ fthermal − fnoneq
∆t
, (G.3)
– 55 –
with ∆t the time step of the simulation. Note that this procedure does not apply for
charged ρ-mesons as they have a lifetime that is too short for this process to occur.
3. µ decays.
The main decay channel of muons is µ− → e− + νe + νµ. The muon has a lifetime
that is much smaller than the timestep of the simulation. This poses a problem right
away: when the evolution of the distribution function for the muon and active neutrinos
is computed roughly as ∆f = ∓Icoll∆t, the behavior of the collision integral Icoll is
not resolved. It is assumed to be constant during the whole timestep ∆t, which is not
true: the created muons have already decayed well within this timestep. What therefore
happens is that the number of muons that have decayed and the number of neutrinos
that are created, are overestimated.
This issue can be solved by using dynamical equilibrium, where the condition that
the same amount of muons is created and destroyed during each time step is imposed.
Consider the following chain:
HNL µ ν
+∆N −∆N
The time step ∆t is much smaller than the lifetime of the HNL, which means that
there is approximately a constant inflow of muons during each time step. Since the
number of muons created, ∆N , decays almost instantaneously, the same number of
active neutrinos is created: for each muon that decays, one electron neutrino and one
muon neutrino is created. Now, a scaling factor α can be introduced in ∆f = αIcoll∆t
such that
∫
d3p∆f/(2pi)3 = ∆N . Basically, this is a simple rescaling of the timestep ∆t.
At the end of each time step, the distribution functions of unstable HNL decay products are
set equal to zero. In summary, the creation of unstable particles from HNL decays is treated
in the regular way, while in their subsequent decays dynamical equilibrium is used to ensure
that the same amount of particles have decayed and are created. In addition, muons and
charged pions thermalize with the plasma before their decay.
G.2 Code Testing
The Boltzmann code pyBBN has been tested in multiple situations modelling both SBBN, as
well as nucleosynthesis in the presence of HNLs. Below we summarize the most representative
selection of them. Throughout this appendix comoving coordinates are used, such that y = pa,
E˜ = aE and aT are the comoving momentum, energy and temperature respectively.
G.2.1 Electron-Positron Annihilation
Once the temperature drops below the electron mass, the electrons and positrons in the plasma
will annihilate into photons. Since most neutrinos are decoupled at this time, they will not
experience this heat-up. A simple approximation based on entropy conservation gives the
ratio between the photon and effective neutrino temperature at the end of this process:
Tγ
Tν
=
(
g∗(Tbefore)
g∗(Tafter)
) 1
3
=
(
7
8 · 4 + 2
2
) 1
3
≈ 1.401 (G.4)
In Figure 12 we show the evolution of the photon-to-neutrino temperature ratio in SBBN.
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Figure 12: Evolution of the photon-to-neutrino temperature ratio due to electron-positron
annihilation. The green dashed line is from [34], the black dotted line is based on Eq. (G.4)
and the red solid line is the result of this work.
G.2.2 Number Conservation During Elastic Scatterings
The Boltzmann equation in comoving coordinates,
∂f
∂t
= H
∂f
∂ ln a
= Icoll , (G.5)
can be integrated over momentum to give:
∂nc
∂ ln a
=
g
2pi2H
∫
dyy2Icoll , (G.6)
where nc ≡ na3 is the comoving number density. In elastic scatterings the number of particles
of each species involved does not change. Therefore, the expectation is that the right-hand
side of Eq. (G.6) vanishes. We test the conservation of particle number in elastic scatterings
for active neutrinos in the temperature range from T = 10 MeV to T = 0.1 MeV. The test
is performed with various resolutions of the momentum grid (e.g., for the default grid up
to y = 100 MeV with 400 points and a finer one with 1000 points) and neutrino decoupling
temperatures (5 MeV and 10 MeV). We find for all neutrino species a maximum relative
change of ∂ncnc∂ ln a < 10
−4.
G.2.3 Active Neutrino Decoupled Spectra in SBBN
In Fermi theory the cross section increases with momentum as σ ∝ p2, which means that
neutrinos with higher momenta stay longer in equilibrium. Since these neutrinos decouple later,
they will briefly experience the heat-up of the plasma due to electron-positron annihilation,
shown in Figure 12. This heat-up can be characterized by the increase in the quantity aT .
This means that in comoving coordinates the distribution function of particles that are still in
equilibrium, as given by
fν =
1
e
p
T + 1
=
1
e
y
aT + 1
, (G.7)
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Figure 13: Ratio of active neutrino decoupled spectra fνα to their equilibrium distribution
before the onset of BBN fini versus comoving momentum y. In both panels, the upper curves
show the distortion of the electron neutrino spectrum and the lower of muon and tau neutrinos.
Dashed curves are from [34], dotted from [166] and the solid curves are the result of this work.
Top: Neutrino flavour oscillations are not taken into account. Bottom: Neutrino oscillations
are included with parameters sin2 θ12 = 0.3, θ13 = 0 and sin2 θ23 = 0.5.
increases then accordingly. At temperatures of O(1) MeV electron neutrinos interact through
both charged and neutral currents, while muon and tau neutrinos only interact through neutral
currents. This is because the temperature is too low for muons and tau leptons to be present in
the plasma or to be created from muon and tau neutrinos through charged current interactions.
The cross section of electron neutrinos is therefore larger and, consequently, they stay longer in
equilibrium. The deviation of the distribution functions of active neutrinos from equilibrium
is shown in Figures 13 and 14.
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Figure 14: Distortion of active neutrino spectra relative to their equilibrium distribution
before the onset of BBN fini versus scale factor. The green, purple and gold curves represent
comoving momenta y = 3, 5 and 7 MeV respectively. Neutrino flavour oscillations are not
taken into account here. Solid curves are from pyBBN, dashed from [34] and dotted from [152].
Left plot is for electron neutrino, right plot for muon neutrino.
G.2.4 Neutron-to-Proton Ratio in SBBN
In our numerical scheme, the rates of the neutron-proton conversion reactions Eq. (2.1) are
computed in pyBBN and subsequently passed on to the modified KAWANO code. Here we compare
the evolution of the neutron-to-proton ratio and the primordial helium abundance in SBBN
as output by KAWANO and by using the semi-analytical approach described in [123, 167]. In
the latter, the evolution equation for the relative concentration of neutrons, Xn ≡ nnnn+np , is
given by:
dXn
dt
=− [Γnνe→pe− + Γne+→pνe + Γn→pe−νe]Xn
+
[
Γpe−→nνe + Γpνe→ne+ + Γpe−νe→n
]
(1−Xn) , (G.8)
where the Γ’s are the rates of the corresponding reactions. The neutron-to-proton ratio is then
obtained by:
nn
np
=
Xn
1−Xn . (G.9)
The results are shown in Figure 15. The sudden dip of the solid red line around t ∼ 200 s
is due to the onset of primordial nucleosynthesis. The neutron-to-proton ratio at this point,
together with the simplified formula for the primordial helium abundance, YP =
2nn/np
nn/np+1
, gives
a value that is consistent with the output of KAWANO.
G.2.5 Helium-4 and Deuterium Abundances in SBBN
In this test we compare the outputs of the modified KAWANO and PArthENoPE2.0 [117] codes.
The KAWANO code is somewhat dated and does not account for the latest nuclear reaction
rates. However, we show in Table 10 that this induces only minor deviations in the primordial
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Figure 15: Evolution of the neutron-to-proton ratio in SBBN. The solid red line is obtained
from the modified KAWANO code, while the yellow dashed curve is calculated by using the
semi-analytical approach described in the text (see also Eqs. (G.8) and (G.9)). The blue and
purple dash-dotted lines are a decomposition of the yellow dashed line and account for neutron
decay only and neutron-proton scattering reactions only respectively. The green dotted line
shows the case if all particles were in equilibrium.
helium and deuterium abundances. The values presented are obtained for neutron lifetime
τn = 880.2 s [133] and baryon-to-photon ratio η = 6.09 × 10−10 [93]. Moreover, using the
theoretical and observational errors as described in Section 3.2, we find that our predicted
helium and deuterium abundances are well within 1σ from the measured abundances in
Eqs. (3.19) and (3.20).
Code YP 105×D/H|P
PArthENoPE2.0 0.24691 2.6156
pyBBN 0.24657 2.6082
Rel. Diff. 0.14% 0.3%
Table 10: The primordial helium and deuterium abundances in SBBN obtained from pyBBN
with the modified KAWANO code and from PArthENoPE2.0 [117].
G.2.6 HNL Decay Width
Here we compare the HNL decay width in vacuum with the expected theoretical value in the
case of three-body and two-body decays. In what follows, we consider an HNL of mass mN
that mixes only with electron neutrinos with a mixing angle θe.
– 60 –
Three-body decay width. For HNL masses lower than the muon mass, there are four
decay channels:
N → νe + νe + νe N → νe + νµ + νµ
N → νe + ντ + ντ N → νe + e+ + e− , (G.10)
from which the decay width in vacuum can be computed:
ΓN =
G2F |θe|2m5N
192pi3
[
1
4
(
1 + 4 sin2 θW + 8 sin
4 θW
)
+ 1
]
. (G.11)
The decay rate as computed in pyBBN is given by:
Γcode = −Icoll ENH
fNmN
, (G.12)
with EN the energy of the HNL, fN its distribution function and H the Hubble parameter.
For an HNL of mass mN = 30 MeV and mixing angle |θe|2 = 10−4, we find the maximum
discrepancy between the theoretical and numerical decay rates to be of the order 10−3 in the
temperature range from T = 30 MeV down to T = 0.1 MeV.
Two-body decay width. A similar procedure can be followed for two-body decays. In this
test, the decay N → νe + pi0 is considered. The corresponding decay width is given by:
ΓN =
G2Ff
2
pim
3
N |θe|2
32pi
[
1− m
2
pi
m2N
]2
. (G.13)
For an HNL of mass mN = 150 MeV and mixing angle |θe|2 = 10−6 we find a maximum
relative discrepancy between the theoretical and numerical values at the level of 10−7.
G.2.7 Number of Decayed and Created Particles
In this test we check whether the number of electron neutrinos and muon neutrinos created
from HNL decays matches the number of HNLs that have decayed. Consider the reactions
N → νe + νµ + νµ (G.14)
N → νe + pi0 (G.15)
νe + νe ↔ νe + νe (G.16)
νe + νe ↔ νe + νe . (G.17)
For each HNL that decays in Eq. (G.14), one electron neutrino and two muon neutrinos
(one from this decay, other from charge conjugated channel) are created. Same holds for the
reaction in Eq. (G.15): For each HNL that decays, one electron neutrino is created. The
addition of the reactions in Eqs. (G.16) and (G.17) conserve the number of created particles.
The number of electron- and muon-neutrinos created is:
Nνe = BRN→νe+νµ+νµ∆N + BRN→νe+pi0∆N = ∆N (G.18)
Nνµ = 2BRN→νe+νµ+νµ∆N , (G.19)
where ∆N is the number of HNLs that have decayed. In this test, we choose mN = 143 MeV
and τN = 0.1 s, such that the branching ratios are BRN→νe+νµ+νµ = 0.3 and BRN→νe+pi0 = 0.7.
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Figure 16: Comoving number density n of HNLs, electron neutrinos and muon neutrinos,
normalized by the initial HNL comoving number density niniN , where the reactions (G.14)
– (G.17) are considered. The mass of the HNL here is mN = 143 MeV and the lifetime is
τN = 0.1 s. The initial densities of the electron and muon neutrinos are taken 0 for convenience.
The dotted line is the exponential decay according to Eq. (G.20).
Assuming HNLs are stationary and decay in vacuum, the number density falls off exponentially:
nN (t) = n
ini
N e
−t/τN , (G.20)
with niniN the initial HNL number density and τN the lifetime of the HNL. Note that the first
assumption slightly overestimates the decay width, as a fraction of the HNLs have nonzero
momentum. Figure 16 shows the decrease of the HNL abundance and the corresponding
increase of the electron neutrino and muon neutrino abundances in terms of comoving number
densities.
G.2.8 Reheating due to Secondary Interactions
Some of the HNL decay products are unstable and will decay in their turn. Such secondary
decays can inject entropy into the electromagnetic sector of the plasma and heat it up. Consider
the decays
N → pi0 + νe (G.21)
pi0 → γγ . (G.22)
For each HNL that decays, one neutral pion is created. If the HNL has energy very close to
that of the neutral pion, then the neutral pion created will be highly non-relativistic. The
energy ∆ρ injected in the plasma due to neutral pion decay during each time step is therefore
approximately:
∆ρ ≈ 2mpi0∆n , (G.23)
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Figure 17: Dependence of the effective number of relativistic species Neff (Eq. (G.27)) on
the HNL decay width, where only the reheating due to the electrons/positrons created in
the decay (G.26) is considered. The solid curve is the result of this work and is obtained
by considering an HNL of mass mN = 100 MeV with a decoupling temperature set equal to
T = 300 MeV. The dashed curve is from [104].
with ∆n the number density of HNLs that have decayed during the time step. The factor of 2
comes from the fact that the charge conjugated channel also creates a neutral pion. Note that
the heat-up in pyBBN is quantified by T˜ = aT (see Appendix C). The comoving photon energy
density then becomes:
ργ,c = gγ
pi2
30
(aT )4new = ρ
old
γ,c + a
4∆ρ , (G.24)
and hence:
(aT )new =
[
30
gγpi2
(
ρoldγ,c + 2mpi0a
4∆n
)]1/4
. (G.25)
For an HNL of mass mN = 135 MeV and mixing angle |θe|2 = 10−4, we find a maximum
relative discrepancy between the theoretical and numerical values at the level of 10−4.
G.2.9 Effect of Late Reheating on Neff
Decays of HNLs into the electromagnetic sector heat up the plasma. This will dilute the
abundance of neutrinos, if such decays happen during or after neutrino decoupling. This effect
can be quantified by the decrease of the effective number of extra relativistic species Neff . In
this test we consider a plasma that consists of photons, neutrinos, electrons/positrons and
HNLs. The HNLs considered here have a mass of 100 MeV and are instantly decoupled at
T = 300 MeV (see [168] for impact of keV-scale HNLs on Neff). We include only one decay
channel:
N → νe + e+ + e− . (G.26)
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The created neutrinos are artificially removed and it is assumed that all the energy is injected
into the electromagnetic sector. Besides this interaction, we also include all SM interactions
(see Appendix D.1). The effective number of extra relativistic species, defined as
Neff =
8
7
(
11
4
)4/3(ρrad − ργ
ργ
)
, (G.27)
depends on the HNL decay width, since the temperature at which the HNLs decay determines
whether neutrinos are interacting strongly enough to stay in equilibrium. The results are
shown in Figure 17, where we also compare with [104]. We observe that for high decay rate of
HNLs, the number of relativistic species Neff approaches the SM value ∼3, since the decays
happen while neutrinos still strongly interact and are therefore in equilibrium with the plasma.
For smaller decay rates, injection happens around or after neutrino decoupling, which severely
dilutes the SM neutrino background. Finally, we note that the influence of late reheating
on Neff has been also studied in, e.g., [34, 169–171], but we miss a few key details on their
simulations to make a reliable comparison possible. For what it is worth, the agreement
between pyBBN (Figure 17) and these references is reasonable.
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